REDBAND TROUT

RESILIENCE AND CHALLENGE

IN A CHANGING LANDSCAPE






REDBAND TROUT

RESILIENCE AND CHALLENGE

IN A CHANGING LANDSCAPE

Proceedings of a Workshop
Malheur Field Station, Princeton, Oregon
September 23-25, 1996

Edited by
R. Kirk Schroeder and James D. Hall

Published by
Oregon Chapter of the American Fisheries Society
Corvallis, Oregon
2007



Suggested citation formats:

Entire book

Schroeder, R.K., and J.D. Hall, editors. 2007. Redband trout: resilience and challenge in a changing
landscape. Oregon Chapter, American Fisheries Society, Corvallis.

Article within the book
Behnke, R.J. 2007. Redband trout of the Northern Great Basin. Pages 1-9 in R. K. Schroeder and J.D.

Hall, editors. Redband trout: resilience and challenge in a changing landscape. Oregon Chapter,
American Fisheries Society, Corvallis.

Cover illustration © by Joseph R. Tomelleri, 1991

Address orders to

Oregon Chapter
American Fisheries Society



CONTENTS

PIEIACE ..ot —— e e e e e ————ee e e e ———teeeeai———teeeaan——tteeeaa——ateeeean——teeeeearareeeaans vii
B o Te L0118 (o) o AR O PR X
(6001015 5) 1) £ T PSR SURRRSRRR xii

Redband Trout of the Northern Great Basin
LR R S1=) 1V =R 1

Evolutionary Diversity in Redband Trout
KPP CUITENS <.ttt e h e et e bt e e e e et e a e e e e e et e sa e e et e et e eaaeeaseesmeeeaaeeseesaeeeeneenneenns 10

Loss of Genetic Variation in Redband Trout Isolated by Ancient and Recent Barriers
KPP CUITENS <.t et h e et e b e et et e h e e e ae e et esa e e e aa e e st e eaeeeaseesaeeeaneeseesaeeenneenneenns 12

Phenotypic Variation in Redband Trout
H.W. Li, J. Dambacher, and D. BUCRANAN ...........oooiiiiiiiieeeeeee et e e e e e e e e e e e e e enaanaaes 14

Possible Approaches for Genetic Analysis of Temperature Adaptations in Redband Trout
G.H. Thorgaard, B.D. Robison, P.A. Wheeler, and W.P. YOUNG .....ccccoiiiiiiiiiiiiiieeeeeeee e 19

Effectiveness and Applicability of EMAP Survey Design in Status Review of Great Basin Redband Trout
K.K. Jones, .M. Dambacher, and R.L. FIECTOTt ..........ouviiiiiiiiiiiiiiieieeeeeeee et e e aaaneees 25

Distribution and Status of Redband Trout in the Interior Columbia River Basin and Portions of the Klamath River
and Great Basins

R.F. Thurow, B.E. Rieman, D.C. Lee, P.J. Howell, and R.D. PerkinSon ..........ccccooouuiiriiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeenn 28
Benchmarks and Patterns of Abundance of Redband Trout in Oregon Streams: a Compilation of Studies

J.M. Dambacher and K.K. JONES ........cccuiiiiiiiiiiiiiieicce ettt et 47
Gene Flow between Resident and Anadromous Rainbow Trout in the Yakima Basin: Ecological and Genetic Evidence

T.N. Pearsons, S.R. Phelps, S.W. Martin, E.L. Bartrand, and G.A. McMichael ............ccccooovieriiieniiienieeceeeeeeee. 56
Redband Trout in the Deschutes and White Rivers, Oregon

RUKL SCRIOGAET ...ttt h et ettt h et e bt e st e bt e e e sb e et e e bt et e s bt enbe st e et e ebeentenaeennens 65

Redband Trout Investigations in the Crooked River Basin
A.M. Stuart, D. Grover, T.K. Nelson, and S.L. Thi€STEId .........cccvviiiiiiiiiiieeeeee e 76

Adaptive Management for Klamath Lake Redband Trout
R.T. Messmer and RuC. SIMIEH ....oouiiiiiiiiee ettt ettt ettt et sae et bt et e e e eneennes 92

Adfluvial Life History of Redband Trout in the Chewaucan and Goose Lake Basins
W .RL TINNISWOOM ..ottt ettt ettt ettt ettt ettt eb et sb ettt ese st eaenaes 99

Status and Management of Three Groups of Redband Trout in Northeastern California
LG 3110 PSPPSR 113

Redband Trout and the Endangered Species Act.






PREFACE

In September 1996, 85 redband trout enthusiasts gath-
ered at the Malheur Field Station in Harney County, Oregon
for a workshop sponsored by the Oregon Chapter of the
American Fisheries Society. All of us gathered to talk about
the biology and status of redband trout, and to share our
appreciation for this diverse fish. Concern about redband
trout had been building in the region because of continued
drought and the apparent decline of some populations, in-
cluding the disappearance of redband trout in some streams
such as Skull Creek in the Catlow Valley (Howell 1997).
The status of redband trout throughout its range was consid-
ered to be precarious enough that it had been classified by
the U.S. Fish and Wildlife Service as a candidate for being
listed as an endangered species, though lack of information
about its status or other factors had precluded listing. Al-
though the candidate list had served as a warning sign about
the status of species and populations, USFWS eliminated
the list in 1996. It was in this climate that Phil Howell and
Dave Buchanan organized the workshop on redband trout to
compile information about the species, its management, and
its status. The presentations at the workshop provided a broad
perspective on redband trout such as life history and biolo-
gy, systematics and classification, and history of manage-
ment.

Shortly after the workshop, papers were solicited from
the presenters for a publication. As is often the case, the
idea of publishing a proceedings soon collided with the re-
ality of getting papers submitted, sending them out for peer
review, collecting comments from reviewers, sending manu-
scripts back to the authors for revisions, and getting papers
back from authors. After a few years, this reality became
further complicated by the retirement of the original editor
and loss of momentum. A new effort was begun several years
later and the drive to complete these proceedings began anew.
A second lag occurred for several reasons, and once we re-
gained a little progress, we were tempted at times to declare
this the second edition of these proceedings and let readers
wonder whether they had completely missed the first one.
As we struggled through the last couple of years, we ques-
tioned whether or not to continue with our efforts to publish.
However, as we solicited input from authors and other inter-
ested people, we heard about the need to collect and publish
information about redband trout, and the need to provide a
perspective on issues such as management of the species
and questions pertaining to listing them under the federal
Endangered Species Act.

Thirteen papers from the 1996 workshop are included in
these proceedings. Most of them have been revised and up-
dated to include recent data or to report on changes in man-
agement. Two additional papers that were not in the work-
shop have been included because we felt they would
complement the other papers. It is our hope that these pro-
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ceedings will provide a useful resource for those working
with or interested in redband trout. Although the workshop
used the term “inland rainbow trout” to describe popula-
tions of Oncorhynchus mykiss in the Columbia Basin east of
the Cascade Mountains and those of the Northern Great Basin
(including the Upper Klamath Lake Basin), we choose to
use “redband trout” for these proceedings, following Be-
hnke (1992, 2002).

Ten years have passed since the workshop and much has
changed. We saw the long drought cycle of the 1990s pass,
and we entered a period when flows generally have been
higher, although dry years have been interspersed among
the wet years. Redband trout were observed in downstream
reaches of streams during years with adequate water, and
adfluvial fish once again migrated between streams and lakes,
such as the return of adfluvial redband trout in the Goose
Lake basin. On the surface all would appear to be well with
the redband trout. However, in the last 10 years many of the
questions raised when redband trout were being considered
for listing have yet to be answered, and little quantitative
data have been collected in a method that allows an ade-
quate assessment of the status of populations or life histo-
ries. Subsequently, knowledge is limited about the biology,
life history, and status of redband trout throughout much of
its range. As an example, the recent assessment of redband
trout conducted by Oregon Department of Fish and Wildlife
largely relied on biological opinion and anecdotal informa-
tion about the distribution and relative abundance of stream
populations. Although some measure of general status has
been collected, little study has been made of individual pop-
ulations or life histories. It is our hope that the papers in
these proceedings will help to illuminate the world of red-
band trout: what we know, what we think we know, and what
we clearly do not know about the species. In turn, we hope
the papers will raise questions and will stimulate additional
studies of redband trout, and will inspire an approach to stud-
ies and monitoring that not only examines the general abun-
dance and distribution of redband trout populations, but also
encompasses the diversity of their life histories.

The publication of these proceedings reflects the efforts
of many people. Most importantly, we thank the authors for
their contributions to the workshop and those who expand-
ed and updated their papers at our request for this publica-
tion. We also thank them for their extreme patience in deal-
ing with suggested edits and in waiting for their papers to be
published. A large group of reviewers provided valuable
assistance and service in insuring high quality papers, and
we thank them for their efforts. Lisa Krentz and Andrew
Talabere produced maps for several of the papers in these
proceedings and their time, expertise, and patience are very
much appreciated. The Oregon Chapter Executive Commit-
tee provided financial support for the workshop and contin-



ued to support publication of these proceedings. The Pacific
Northwest Region of the U.S. Forest Service provided finan-
cial support for publication. Dave Buchanan and Phil How-
ell organized the workshop, solicited presenters, and initiat-
ed the effort to publish papers from the workshop
presentations. Judy Maule assisted with layout early in the
process. Many people helped to plan and organize the work-
shop and accompanying field trips. We particularly wish to
acknowledge the efforts of Loretta Brenner, who was exec-
utive assistant for the Oregon Chapter AFS, Wayne and Pat-
ty Bowers, who were with ODFW in Hines, and Gary Ivey,
who was the USFWS biologist at Malheur National Wild-
life Refuge. Finally, the master fish artist, Joe Tomelleri,
kindly allowed us to use his image of a Skull Creek redband
trout for our cover.
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One theme that runs through these papers is the tremen-
dous diversity expressed by redband trout; from the habitats
they inhabit (ranging from cold mountain rivers to high desert
streams) to their diverse life histories that have allowed them
to adapt to a wide range of environmental conditions. Ulti-
mately, these proceedings are dedicated to the continued
existence of this wonderful fish, an existence that will re-
quire vigilance and efforts from all of us.
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INTRODUCTION

The Wonder of Redband Trout

R. KirRKk SCHROEDER

Oregon Department of Fish and Wildlife
28655 Highway 34, Corvallis, Oregon 97333

“The only real voyage of discovery consists not in seeking
new landscapes, but in having new eyes. "—Marcel Proust

“You cannot make a better world unless you can imagine it so,
and the first step toward change depends on the imagination’s
ability to perform this radical act of faith. "—Ruth Ozeki

Every landscape holds a wealth of stories. Through the
languages of geology, biology, and human culture we can
begin to understand how the sequences of events have shaped
the landscapes we see today. The way we tend to look at the
landscape is naturally filtered through the lens of human
culture, which in turn is colored by European settlement of
the continent. In the Pacific Northwest, where this settle-
ment period is short, the sense of time with which we assess
change is often measured in decades, occasionally spanning
a century or two. However, if you trace a biological story
line it will stretch back thousands of years and will be root-
ed in the regional environment, giving you a picture of how
large-scale changes have led to this moment. Thus, the sto-
ries can be a measure of how we live or fail to live within a
landscape, and they can be a means to imagine the land-
scape we would like to leave to future generations.

Stories are a composite of details that hold together to
form a picture. Part of what drives us as biologists is a quest
for details and specifics, but we should remember to pay
attention to how these tell a story. Imagine looking at a paint-
ing and stepping closer to examine the detail. Each step closer
reveals something new, but only because something else falls
away in a blur. If you look closely enough you might be able
to identify the path of a single bristle across the canvas. Al-
though that detail is important and intriguing, it cannot stand
alone. Isolate the brush strokes and you no longer have art.
Similarly, if you focus only on details about a fish, such as
genetics or abundance, you will miss the larger story.

The story of redband trout is a remarkable saga of a crea-
ture persisting for millennia in a landscape that has under-
gone immense geologic and hydrologic change. Redband
trout range across the interior Pacific Northwest, living in a
young and diverse environment shaped by volcanoes, conti-
nental glaciation, the great Missoula floods, and the forma-
tion and desiccation of large pluvial lakes. They share much
of their range with salmon and are as much a part of the
landscape, yet it is the salmon that has become the cultural
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icon of the region. However, in the Basin and Range coun-
try of Oregon, redband trout have survived where salmon
could not, and it is here that redband trout have become a
unique expression of their environment.

We think of redband trout in the High Desert as a species
adapted to harsh conditions, living in streams with low flow
and high temperature in summer and with freezing condi-
tions in winter. However, the story of redband trout stretch-
es far back in time and spans a diverse range of climatic and
environmental conditions.

On a recent trip through the Fort Rock Basin, I thought
about how much change redband trout had endured over a
span of about 70,000 years. They arrived in this basin via
the Deschutes River or across a low divide with the Klamath
Basin, when the environment was considerably more lush
than it is today. Forests of pine, spruce, and fir descended
far down the slopes to meet the grassy foothills. If we were
able to return to that scene, we would see a large, coldwater
lake stretching out across the Fort Rock Basin, surrounded
by rich productive wetlands in the shallow bays. We would
easily recognize some of the animals inhabiting this land-
scape, even if a few seemed a little out of place. In the hills
and prairies we would see bison roam, and deer and ante-
lope graze. Rabbits and bighorn sheep would be seen in the
grasslands and on the ridges. We would also see animals
that are now extinct in this landscape: camels, llamas, mam-
moths, peccaries, musk oxen, and sabertooth tigers. The cli-
mate was cool and moist, with enough rain and snowmelt to
fill the basin to depths of up to 200 feet. Large redband trout
would be swimming in the lake, feeding on abundant prey
such as tui chubs, and migrating up the streams in spring to
spawn.

This picture of large lakes and a cool environment is of-
ten evoked as an almost static state in which redband trout
in the Great Basin evolved. But in reality the evolutionary
backdrop for the redband trout was a complex of climatic
cycles and geologic events. Studies of sediment layers in
lake basins can tell us about the general climate in incre-
ments of several thousand years, but the layers lack the de-
tail to tell us about cycles of centuries or decades. Nonethe-
less, these studies indicate that the climate of the Pleistocene
and early Holocene was punctuated by fluctuations of wet
and dry periods, and that local climate may have deviated
from the global pattern of climate change because of region-



al effects such as deflection of the jet stream. Periodic
droughts in the Fort Rock Basin would cause the lake to
evaporate. As the lake became shallow and alkaline, red-
band trout might have continued their adfluvial life history
by using Paulina Marsh in all but the driest periods, when
they may have been confined to tributary streams. Every
generation would produce migrants that followed some evo-
lutionary signal and kept pushing their range downstream
until the climate cycled back and the basin filled again with
water. These migrants would then find an environment where
they could grow to a large size before ascending in the spring
to seed the streams with their migratory legacy.

We cannot know how close to extinction the Fort Rock
redband trout may have come in the past. Perhaps they were
pushed to the brink during some of the worst droughts or by
other events. One such conjunction of events occurred about
7,700 years ago, when Mount Mazama erupted. Because the
lake was dry, most redband trout would have been residing
in feeder streams, although some fish may have found suit-
able habitat in Paulina Marsh. For days, the sky must have
been as dark as night while ash rained down on the land-
scape. When the skies finally cleared, ash coated the ground
over a foot deep on the basin floor and up to several feet
deep in the western uplands of the basin. Later, as rain and
snowmelt washed the ash off the land, it would have cov-
ered gravels and transformed some sections of streams into
a thick, chalky liquid. Seasonal floods would eventually clear
the streams and clean the ash from the gravels, and the layer
of ash on land would become buried beneath soils.

Redband trout have survived in the Fort Rock Basin for
70,000 years, enduring and repeatedly recovering from
droughts, the eruption of Mount Mazama, and other dynam-
ic events. How do we reconcile the fact that the cumulative
actions of our modern times have pushed redband trout pop-
ulations to dangerously low levels that rival or exceed those
of the massive geologic and climatic events of the past?

Although the paths of redband trout and humans in the
basin may have first crossed 13,000 years ago, it was not
until European settlement that humans likely began to have
major effects on redband trout. The early inhabitants of the
basin settled on the shoreline of the lake during wet cycles
and moved to other areas when the lake dried. Archeologi-
cal investigations have revealed that these early people caught
large numbers of tui chubs, presumably when the fish
spawned in the shallows or became stranded. In contrast,
few salmonid bones have been recovered at archeological
sites in the basin. Although redband trout were no doubt
seen in the lake or streams, they would have been difficult to
catch in the deep areas of the lake or in the streams during
the spring spawning migration, when flows would have been
high.

European settlement and development came at a time
when the range of redband trout was naturally constricted
following the wet, cool climate of the Pleistocene. Within a
short time span, our actions have affected every watershed

and we have invaded the last refuges of redband trout, re-
moving the natural buffers that protected these fish for mil-
lennia. Over the last 150 years we have dissected the land-
scape with our roads, cut timber from the slopes, turned large
numbers of livestock loose through entire watersheds,
changed the course of streams, diverted water out of the chan-
nels, and drained and diked the marshes. We have transport-
ed hatchery rainbow trout across divides and released them
into redband trout waters, accomplishing in an afternoon what
would have taken millennia to occur in Nature. And in some
watersheds we defied the forces of Nature by introducing
brook trout from the East. Now, in our relentless march across
the landscape we are changing the global climate at an alarm-
ing rate, to which plants and animals may be unable to adapt.
Consider this—if the width of this page represents the 70,000
years that redband trout have occupied the Fort Rock Basin,
the span of European settlement would be the last 2/100 of
an inch.

Despite these assaults, redband trout have somehow man-
aged to persist. Perhaps the evolutionary history of redband
trout has instilled them with the resilience to persist through
these latest challenges. But resilience and persistence do not
mean that redband trout are immune to extinction. Can our
society learn to appreciate the amazing journey of these splen-
did fish and marvel at their ability to live within the confines
of their landscape? Can we appreciate the tenacity to sur-
vive in a dynamic environment in an era when our society
celebrates “new and innovative” more than “tried and true”?
Although we are a product of our times, where political and
social expediency often trump stewardship of the land, it
seems the least we can do for redband trout is help them
persist. Unlike the eruption of volcanoes or the uplift of fault
blocks, we have some control over the trajectory of events
affecting the landscape today. We can choose to provide
some relief for redband trout.

What will future generations say about us? Will we be
remembered as a society that realized how our actions were
altering the global climate and causing the loss of species
and environments, yet took only half-measures? Or will our
time be remembered as a turning point? Will this be the
moment when humans begin to nurture the environment and
make changes to live more lightly on the Earth, to view land-
scapes as a source of nourishment rather than as a commod-
ity? Around us are hopeful signs that good change is possi-
ble. Recent improvements in the Chewaucan and Goose Lake
basins are helping adfluvial redband trout migrate upstream
and downstream. Efforts are underway in other basins to
improve habitat. But we will have to start doing more if red-
band trout are to survive the possible effects of climate
change. Fish species in large rivers or with connections to
the ocean have migratory responses that may allow them to
adapt to climate change. In contrast, redband trout in the
Great Basin or in other isolated streams have limited choic-
es to respond to a climate change. We need to find the imag-
ination and courage to create a landscape of high quality



habitat and refuges that will provide choices for redband trout.

As William Kittredge' wrote:
We need to inhabit stories that encourage us to pay close
attention, we need stories that will encourage us toward
acts of the imagination that in turn will drive us to the arts
of empathy, for each other and the world. We need stories
that will encourage us to understand that we are part of
everything, the world exists under our skins, and destroy-
ing it is a way of killing ourselves. We need stories that
will drive us to care for one another and the world. We
need stories that will drive us to take action.
[from Who Owns the West?, 1996, Mercury House, San
Francisco, pages 164—165]

Redband trout are a wonder. They tell a story of adapta-
tion to a dynamic environment; they tell a story of living
wholly within a landscape and becoming a part of that land-
scape, an expression of the landscape. But their decline tells
another story about the collision of human culture and Na-
ture, about our attempts to control the environment, and the
drive to live beyond what the landscape can support. Their
story will be part of our story. Redband trout continue to
swim in the streams of the Fort Rock Basin, and if we give
them a chance, large adfluvial fish may once again ascend
from the floor of the basin on a spawning migration. That
life history legacy is contained within redband trout, wait-
ing to reappear. Yes, there are scientific and logical expla-
nations for this phenomenon. Still, they are a wonder.

''William Kittredge grew up on the MC Ranch in the Warner
Valley. He has written often about how the valley was
transformed by agricultural development, and the subsequent
loss of the abundant natural life that the extensive wetlands had
supported. His books include Hole in the Sky, Owning It All,
and We Are Not in This Together.
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Redband Trout of the Northern Great Basin

ROBERT J. BEHNKE™
Fishery and Wildlife Biology, Colorado State University, Fort Collins, Colorado 80523

Abstract.—The redband trout Oncorhynchus mykiss of the Northern Great Basin are a rich complex of populations
that cannot be neatly separated into subspecies with unique characters or precise geographic boundaries. Unlike
monophyletic family trees, the evolutionary lines of the Northern Great Basin redband trout do not represent singular
pathways of divergence leading to differentiated subspecies (as in cutthroat trout O. clarkii), but represent multiple
routes of zoogeographic isolation and convergence. The Northern Great Basin redband trout illustrate the concept of
polyphyletic origins and the problems of a taxonomy based on evolutionary relationships. This paper presents my
view on the classification of these redband trout based on integrating evidence from meristic data, morphology,
molecular genetics, zoogeography (patterns of dispersal and isolation), geologic history (isolating mechanisms, break-
down of geographic barriers), hatchery records (potential genetic contamination), and suggestions of adaptive traits.
A strictly phylogenetic classification would recognize that three distinctly different ancestors gave rise to the present
diversity of all redband trout found in the Northern Great Basin. A classification based on the shared evolutionary
heritage for life in the large Pleistocene lakes that existed for tens of thousands of years in these basins would include
all redband trout in the Northern Great Basin as a subspecies. This shared evolutionary ecology of a lacustrine life
history encompasses a diversity of life histories including adfluvial migration and specialized predator-prey relation-
ships that have continued to exist in lakes (e.g., Klamath and Goose lakes), in terminal marshes, and more recently in

reservoirs (e.g., Threemile Reservoir in Catlow Basin).

The rainbow trout Oncorhynchus mykiss and cutthroat
trout O. clarkii probably separated from a common ancestor
by the end of the Pliocene, or about two million years ago.
The evolutionary divergences leading to the existing sub-
species of cutthroat trout are much simpler to interpret than
those of O. mykiss, because the long isolation of about one
million years among the four major subspecies of O. clarkii
has allowed for clear-cut differentiation. This degree of dif-
ferentiation in genetics and morphology among the major
subspecies allows for the “minor” subspecies of cutthroat
trout (evolving in past 100,000 years or so) to be confident-
ly assigned to one of the major subspecies.

O. mykiss, in contrast, cannot be neatly separated into
subspecies with unique characters or precise geographical
boundaries. I believe this is the result of evolutionary lines
that have alternated between isolation (and differentiation)
and convergence, producing the mosaic of overlapping geo-
graphic divergences presently found in O. mykiss.

I have used the term redband trout for what I consider as
primitive evolutionary lines of O. mykiss (Behnke 1992,
2002). My concept of redband trout comprises several di-
verse ancestral lines. That is, all redband trout cannot be
traced to one common ancestor. The Northern Great Basin
redband trout illustrates this concept of polyphyletic origins
and the problems faced by a taxonomy that attempts to de-
lineate evolutionary histories.

My latest opinion on the evolution and classification of
rainbow and redband trout O. mykiss is presented in Trout
and Salmon of North America (Behnke 2002). Further elab-
oration and details are presented here on a particular group,
the redband trout of the Northern Great Basin.

* E-mail: rjsjbehnke@lpbroadband.net

The Northern Great Basin

The Great Basin of the western U.S. covers a vast area
comprising many internal basins (Hubbs and Miller 1948).
The Northern Great Basin, as defined here, encompasses six
basins with indigenous redband trout and that portion of the
Upper Klamath Basin that includes the Wood, Williamson,
and Sprague rivers (Figure 1). Almost all of these basins are
in south central Oregon, with southernmost extensions of
the Upper Klamath and Goose Lake basins into California,
the Warner Lakes basin into California and Nevada, and the
Catlow and Guano Basins into Nevada. From the Miocene—
Pliocene times to the present, climate change and volcanic
and tectonic events have rearranged drainages and fish fau-
nas. Remnants of a Miocene—Pliocene track that connected
parts of the present Great Basin to the Snake River (which at
that time flowed to the Pacific via the Klamath Basin) can
be found in the Great Basin sucker genus Chasmistes and
the endemic sucker genus Delfistes, both indigenous to the
Upper Klamath Lake basin (Minckley et al. 1986). The con-
tinuity of these ancient genera attests that the Upper Kla-
math Lake basin has maintained a lacustrine environment
since at least the Pliocene. All other basins of the Northern
Great Basin had large lakes several times during the Pleis-
tocene, including the last glacial epoch, starting from about
60,000 years ago up to about 10,000 years ago. The origins
of the present redband trout in the Northern Great Basin can
be traced to this period. I believe, however, that a redband
trout ancestor was present in Upper Klamath Lake prior to
the last glacial epoch. Unless otherwise cited, most of the
historical information on geology, climate, and fish fauna is
from Minckley et al. (1986).
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Harney Basin

The Harney Basin was part of the upper Columbia River
basin until it was isolated by lava flows about 18,000 years
ago. A large lake formed in the basin during the latter part of
the last glacial period. This lake desiccated by about 8,000
to 10,000 years ago into two terminal lakes. Harney Lake
receives the drainage of Silver Creek, but the high alkalinity
of the lake is lethal to fishes. Malheur Lake receives the
Donner und Blitzen River drainage from the south and the
Silvies River drainage from the north. In most years, Mal-
heur Lake maintains a sufficient volume to allow habitation
by redband trout migrating from the Donner und Blitzen
River. Such trout could be called adfluvial (migrating be-
tween river and lake), but trout cannot survive in the shal-
low, warm water of Malheur Lake during drought years. Thus,
sporadic periods of desiccation would select against a more
fixed pattern of migratory behavior (as, for example, in steel-
head) and favor a flexible, opportunistic life history that can
greatly expand its foraging range during periods of increased
volume of the lake.

The native fish fauna of the Harney Basin consists of 10
species, all of which occur in the upper Columbia Basin, as
would be expected from their relatively recent connection
of'about 18,000 years ago. Bisson and Bond (1971) detailed
a more recent event that transferred fishes from the John
Day River drainage (mid Columbia Basin) into the Silvies
River.

To assess the degree of purity of contemporary redband
trout compared to the original native trout, I examined mu-
seum specimens collected before the stocking of hatchery
trout became widespread. J. O. Snyder collected six speci-
mens each from Silver Creek and the Silvies River in 1904
(Snyder 1908). These specimens have 20-24 gill rakers (Ta-
ble 1). This is the only morphological character that differs
from typical middle and upper Columbia Basin redband trout
O. m. gairdneri, which generally have 17-20 gill rakers.
Other morphological characters (counts of scales, vertebrae,
and pyloric caeca) are typical of redband trout in the middle
and upper Columbia Basin (Table 1). This similarity would
be expected because the Harney Basin has been separated
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Table 1. Range and means (in parentheses) for five morphological characteristics of redband trout in Great Basin streams and in the Upper

Klamath and upper Pit River basins.

Morphological character

Basin, population Year (s) n Gill rakers  Scale rows Scales in Pyloric caeca Vertebrae
above lateral line lateral series

Harney

Silver Creek 1904 6 20-24 (22) (32) 150-152 37-40 64-66 (65)

Silvies River 1904 6 20-24 (21) 64-66 (65)

Silver Cr, Silvies R.2 1972 48 (20) (29-30) (136-144) (39-42) (64-65)

Smyth Creek 1968, 1972 25 18-22 (20) (32) (148) 33-45 (38) 63-66 (65)

Catlow

Threemile Creek 1968 10 20-22 (21) 28-33 (30) 129-146 (139) 3046 (37) 62-65 (64)

Fort Rock

Silver Creek 1897 3 20-22 (21) 31-35 145-148 63,64

Buck Creek 1904 6 19-22 (20) 28-33 (30) 137-145 (142) 63—64(64)

Buck Creek 1968 10 17-21 (20) (€28) (142) 38-62 (47) 63-65 (64)

Bridge Creek 1968 24 19-23 (21) 29-34 (31) 137-158 (145) 36-53 (43) 6266 (64)

Upper Klamath

Lake, Williamson R. 1855, 1883 4 20-23 32-35 142-148 45-58 63-65

Upper Sprague R." 1968, 1970 33 17-21 (19) 29-33 (30,31) 129-144 (133-139) 36-56 (46-48) 6265 (62-63)

Goose Lake/Pit River

Cottonwood Creek 1904 6 21-24 (23) (30) (139) 61-64 (63)
Thomas Creek 1968 15 19-23 (21) (30)° (132-136)°

Lassen Creek 1968 38 18-24 (20) 35-54 (42-43)4

Davis Creek 1968 12 18-24 (21) (33) (147)

‘Warner Lakes

Honey Creek 1904 8 23-24 (23) 31) (147) 61-63 (62)
Honey Creek 1968 19 20-24 (22) 29) (133) 35-54 (45) 62—-64 (63)
Chewaucan

River 1897, 1904 8 20-23 (22) 28-33 (30) 133-148 (142) 63-64 (64)
Elder Creek 1968 28 19-24 (21) 27-33 (30) 136-154 (143) 33-46 (40) 61-65 (63)
Dairy Creek 1970 10 19-22 (21) (30) (135) 40-58 (46) 61-64 (63)

2 Dairy and Sawmill creeks (Silver Creek drainage); Crooked, Camp, and Myrtle creeks (Silvies River drainage).
b Trout and Whitworth creeks; also includes samples from Butte Creek in Siskiyou County, California.

¢ Combined values for Thomas and Lassen creeks.
d Combined values for Thomas, Lassen, and Davis creeks.

from direct connection to the upper Columbia Basin for only
about 18,000 years.

To assess a hybrid influence from hatchery rainbow trout,
I assumed that all or virtually all hatchery stockings over
many years were with stocks derived from coastal rainbow
trout O. m. irideus, which differ meristically from redband
trout. Coastal rainbow trout generally have lower counts of
gill rakers (18-20) and scales in the lateral series (125-135)
and above the lateral line (25-30), and higher counts of py-
loric caeca (45-55) than redband trout. Although the sam-
ple size of the 1904 collections is small and limited to two
sites, it does provide an approximation of the original red-
band trout in Harney Basin. In 1968 and 1972, I collected
redband trout from six streams in the three major drainages
of Harney Basin: Silver Creek, Silvies River, and the Don-

ner und Blitzen River (Smyth Creek). Most of the streams I
sampled were readily accessible, some in popular recreation
areas with a long history of stocking with hatchery rainbow
trout. I was somewhat surprised to find that the trout I col-
lected appeared to be redband trout in coloration (yellowish
tints on body), parr marks (more elliptical than rounded),
and spotting (generally larger, sparser spots more concen-
trated dorsally). Their meristic characters were slightly low-
er in counts of gill rakers, scales, and vertebrae, intermediate
between values found in the 1904 specimens and hatchery
rainbow trout, suggesting a hybrid influence. The most iso-
lated collection was from Smyth Creek, on private land (Fig-
ure 1), and these fish were generally most like the 1904
specimens (Table 1). Smyth Creek may not have been
stocked with hatchery fish, or at least should have been least



4 BEHNKE

exposed to hybridization with hatchery rainbow trout.

Genetic data on Harney redband trout are found in the
doctoral dissertations of Berg (1987) and Currens (1997)'.
The best allozyme trait differentiating O. m. gairdneri from
O. m. irideus is the allelic frequency for the enzyme lactate
dehydrogenase at the B2 locus (LDH-B2%*). The 100 allele
(LDH-B2*100) is characteristic of O. m. irideus (and most
hatchery rainbow trout) and typically occurs with 80-100%
frequency. In contrast, the 76 allele (LDH-B2*76) predom-
inates in O. m. gairdneri at about 50-100% frequency in
various populations. Assessing a hybrid influence in Harney
Basin redband trout is problematic because we do not know
the frequency of the 76 allele in the original redband trout.
In addition, the earliest form of O. m. gairdneri in the Co-
lumbia Basin lacked the 76 allele, or had it at low frequen-
cies, similar to O. m. irideus (Currens et al. 1990). The
earliest redband trout that moved from the upper Columbia
Basin into the Harney Basin (about 50,000 years ago or ear-
lier) would be expected to have had the 100 allele. Redband
trout arriving in the basin later should have brought in high
frequencies of the 76 allele, until the outlet to the Columbia
Basin was blocked and the Harney Basin became isolated
about 18,000 years ago. In five samples from the Donner
und Blitzen drainage, Currens (1997) found a 5-33% oc-
currence of the 76 allele, with the lowest frequency proba-
bly indicating a hatchery rainbow trout. He also sampled
two sites on Sawmill Creek (Silver Creek drainage, Figure
1) and reported frequencies of the 76 allele at 20% for the
headwater sample and 10% for the downstream area.

The lower section of Sawmill Creek is along a road in a
high-use recreational area and received regular stockings of
hatchery rainbow trout in the past. I collected specimens from
Sawmill Creek in 1972 and noted that these samples showed
the most obvious hybrid influence of my Harney Basin col-
lections (Behnke 1992). Berg (1987) sampled three streams
in the Silvies drainage and found that the 76 allele occurred
at frequencies of 34-53%. The higher frequencies of LDH-
B2#*76 allele in the Silvies drainage is in agreement with a
later transfer of interior Columbia redband trout (character-
ized by high frequencies of the 76 allele) from the John Day
drainage into the Silvies drainage (Bisson and Bond 1971).

Catlow and Guano Basins

With regard to invasion of fishes, the Catlow and Guano
Basins are the most isolated basins of the northern Great
Basin. Besides the native redband trout, only the tui chub
Gila bicolor is known to be native. Speckled dace Rhinich-
thys osculus have been found only in Skull Creek, but these
were probably introduced as a forage fish into a reservoir
near the mouth of the creek. The maximum lake level reached

IAllelle designations in Currens (1997) follow the standards of
international nomenclature (Shaklee et al. 1990). Synonymous
designations by Berg (1987) are: Ldh 75 = LDH-B2*76; Gpi
150 = GPI-B1*138; Lgg 60 = PEPB-1*69.

in the Catlow Basin during the last glacial epoch was below
avisible outlet channel to the Harney Basin that is evidently
from an earlier glacial period and is too precipitous for fish
to navigate. Redband trout are found in Threemile, Skull,
and Home creeks, small streams that drain the east side of
the basin, and in Rock Creek, the largest stream in the basin,
which drains from the west (Figure 1).

The Catlow redband trout likely derived from a headwa-
ter transfer from the Donner und Blitzen drainage. The Cat-
low and Harney redband trout are morphologically and
genetically quite similar. In 1968, I collected 10 specimens
from Threemile Creek that had meristic characteristics gen-
erally similar to the 1904 Harney Basin samples, with the
exception of fewer scales in the lateral series for the Catlow
redband trout (Table 1).

Currens (1997) sampled three sites on Home Creek, two
in a lower section and one in the upper section. From up-
stream to downstream, the frequency of the LDH-B2*76 al-
lele was 13%, 11%, and 5%. If the transfer of trout from the
Harney Basin occurred early in the last glacial period (about
30,000-50,000 years ago), I would expect lower frequen-
cies of the 76 allele than would have occurred about 18,000
years ago. At about that time the Harney Basin lost its con-
nection to the Columbia Basin, thereby blocking further en-
try of the recent form of O. m. gairdneri that had high
frequencies of the 76 allele. However, small populations such
as the redband trout in Catlow Valley streams are subjected
to genetic bottlenecks over thousands of generations, where-
by allelic frequencies of the ancestral founder can undergo
large changes.

In 1968, I observed large redband trout (about 1-2 kg)
in Threemile Reservoir attempting to negotiate the silted delta
on a spawning migration up the creek. Studies of these red-
band trout found that they fed on tui chub in the reservoir
and grew rapidly (Kunkel 1976; Kunkel and Hosford 1978).
The biomass of redband trout in the reservoir (530 kg) was
severalfold greater than that in Threemile Creek (60 kg).
Silt essentially filled the reservoir in the late 1970s, but the
reservoir was dredged in 1998 and enlarged in 1999 to pro-
vide redband trout habitat. Prior to the reservoir filling with
sediment, an attempt was made to establish a brood stock of
Threemile Creek redband trout in a ranch pond for artificial
propagation. However, offspring of wild trout are difficult
to rear in hatcheries geared for production of domesticated
hatchery rainbow trout, and the propagation of these native
redband trout was unsuccessful. A few offspring of the Three-
mile Creek redband trout were sent to the USFWS Bozeman
Fish Technology Center for feeding trials. The most effi-
cient food conversion and growth of “ordinary” rainbow trout
occur at about 15°C. In contrast, the highest feeding effi-
ciency of the Threemile Creek redband trout occurred at
19°C, which was the highest temperature used in the trials
(Dwyer et al. 1981).

Hubbs and Miller (1948) pointed out the considerable
isolation between the Guano and Catlow basins. They re-
produced a photograph of a channel cut through lava, indi-
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cating that glacial Lake Guano drained northward to the
Catlow Basin, but this connection was probably of an earli-
er (mid-Pleistocene) connection. An endemic subspecies of
chub is the only known fish native to the Guano Basin. Evi-
dently, the Catlow redband trout never had access to the
Guano Basin. The headwaters of Guano Creek maintains
high quality trout habitat. Stocking records of ODFW indi-
cate that Lahontan cutthroat trout O. c. henshawi from Wil-
low Creek of the Whitehorse (or Coyote Lake) Basin were
released in Guano Creek in 1957, followed by more Lahon-
tan cutthroat (probably of Heenan Lake, California origin)
in 1969, 1973, 1976, and 1978. Rainbow trout were stocked
in Guano Creek in 1957, 1962, 1963, 1964, and 1969. I ex-
pected to find a hybrid swarm in Guano Creek when I visit-
ed the stream in 2006 with ODFW biologists. I was surprised
to find that of the many specimens I examined in the field,
none was an obvious hybrid. Variation in spotting patterns
indicated that the present population was derived from dif-
ferent parental sources, but an influence from rainbow trout
was not obvious in the external appearance of the Guano
Creek fish. This suggests to me that a form of Lahontan cut-
throat trout was already well established in Guano Creek
before the first recorded stocking in 1957. In their discus-
sion of the Catlow Basin, Hubbs and Miller (1948) mention
“local testimony” (probably from 1939) of a transplant of
Alvord cutthroat trout O. c. alvordensis from Trout Creek.
Because all of the streams in the Catlow Basin contained
native redband trout, troutless Guano Creek most likely
would have been the stream where Alvord cutthroat were
transplanted. Such a transplant would have occurred prior
to about 1928, when rainbow trout were stocked into Trout
Creek and hybridized the Alvord cutthroat out of existence.
I contacted historian Bruce Gilinski, who has studied the
history of this area, concerning the presence of trout in Gua-
no Creek before 1957. Mr. Gilinski recalled that as a boy,
he and his grandfather camped at the headwaters of Guano
Creek soon after WW II (ca. 1946—1947) and they caught
trout. I believe there is a strong possibility that the trout
caught by Mr. Gilinski were derived from an early trans-
plant of the now extinct Alvord cutthroat. If so, what re-
mains of the Alvord subspecies is incorporated into the trout
now found in Guano Creek.

Fort Rock Basin

Three native fishes, redband trout, tui chub, and speck-
led dace, are found in the Fort Rock Basin. Redband trout
are found in the three perennial streams of the basin, Silver,
Buck, and Bridge creeks (Figure 1), but in Silver Creek are
found only in the lower section downstream of Thompson
Reservoir. Brook trout Salvelinus fontinalis have replaced
the redband trout in the headwaters of Silver Creek. In Buck
Creek brook trout were more abundant than redband trout in
a sample of fish collected at a road crossing in July 2006. I
had not found brook trout in Buck Creek during several pre-
vious samplings.

I examined three museum specimens collected in 1897

from Silver Creek and six specimens collected in 1904 from
Buck Creek, and in 1968, I collected specimens from Buck
and Bridge creeks (Table 1). The most distinctive trait of
the 1904 specimens from Buck Creek is that four of the six
have basibranchial teeth—a typical key character used to
distinguish rainbow trout (basibranchial teeth absent) from
cutthroat trout (teeth present). I have found basibranchial
teeth in about 3% of all the specimens of northern Great
Basin redband trout I have examined. In contrast, 30% of
the 1968 Buck Creek specimens and 17% of the Bridge Creek
specimens had basibranchial teeth. Basibranchial teeth were
not found in specimens collected in Silver Creek in 1897. 1
suspect that basibranchial teeth occurred at low frequency
in the ancestral redband trout that came into the basin but
that the frequency increased because of bottlenecks in the
small population in Buck Creek.

Redband trout in Buck and Bridge creeks appear to have
remained virtually pure, with no or only very slight influ-
ence from hatchery rainbow trout. The 1968 specimens from
Buck Creek have virtually identical meristic counts as the
1904 specimens (Table 1), with the exception of a lower
frequency of basibranchial teeth. The meristic values of the
Bridge Creek specimens are similar to those from Buck Creek
but with slightly fewer pyloric caeca (Table 1). The rela-
tively high counts of pyloric caeca in Fort Rock redband
trout, compared to other populations, suggest that its ances-
tor came from the Upper Klamath Basin, probably via a head-
water transfer in the area of Sycan Marsh, where a low divide
presently separates the two basins. A linkage of ancestry
between Upper Klamath and Fort Rock redband trout is also
supported by genetic data (Currens 1997). The 112 allele
for aconitate hydratase (sAH*112), is found at low frequen-
cies only in redband trout of the Upper Klamath and Fort
Rock basins (Buck and Bridge creeks) and in no other form
of rainbow or redband trout.

Upper Klamath Lake basin

Although the Upper Klamath Basin now drains to the
Pacific Ocean via the Klamath River, its native fish fauna,
except for three (perhaps four) species of lampreys (Lampe-
tra), is derived from the Great Basin (Moyle 2002). Until
the end of the Pliocene, about two million years ago, the
ancient Snake River flowed to the Pacific Ocean through
parts of the Upper Klamath Basin. At about the same time,
the Pit River (including the present Goose Lake basin) was
a tributary to the Upper Klamath Basin. Lava flows then
diverted the Pit River to the Sacramento Basin and changed
the course of the Snake River (Minkley et al. 1986). During
much of the Pleistocene, Upper Klamath Lake was part of
pluvial Lake Modoc, which had a maximum surface area of
about 284,000 ha (Dicken 1980). Later in the Pleistocene,
the pluvial lake cut through a lava flow and created a con-
nection to the Pacific Ocean via the Klamath River. Down-
cutting of the outlet eventually resulted in the present Upper
Klamath Lake (including Agency Lake) with a surface area
of almost 33,000 ha and an average depth of only 2.4 m.
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Agency Lake (about 3,500 ha) is connected to the main body
of Upper Klamath Lake by a channel and is commonly con-
sidered as a separate lake. Spawning runs of the large lacus-
trine redband trout from Agency Lake spawn in the Wood
River. The Williamson River and tributary springs are the
spawning grounds for the large redband trout of Upper Kla-
math Lake.

The connection to the Pacific Ocean allowed for inva-
sions of lampreys, and provided access for the coastal form
of steelhead that could have influenced the evolution of the
Upper Klamath redband trout. Otherwise, all of the nine spe-
cies of Catostomidae, Cyprinidae, and Cottidae are derived
from inland, not coastal drainage connections. Seven of these
nine species are endemic to the basin, including the endem-
ic sucker genus Deltistes. Only the ubiquitous tui chub and
speckled dace are found in other basins. Although most of
the Upper Klamath Basin fish species have been long isolat-
ed from their ancestors (since Pliocene—early Pleistocene),
the ancestor(s) of the redband trout apparently gained ac-
cess to the basin via headwater transfers much later, perhaps
in mid to late Pleistocene. The native redband trout lacks
clear-cut morphological and genetic divergence from other
O. mykiss.

Although the Upper Klamath Basin redband trout is not
strongly differentiated from O. mykiss in general, nor from
other Northern Great Basin redband trout in particular, it is
the only form of O. mykiss that maintains distinct lacustrine
and fluviatile populations in sympatry. I base this conclu-
sion on meristic distinctions I found between four ancient
specimens in the collection of the U.S. National Museum
representing the lacustrine form and on 33 specimens repre-
senting the fluviatile form collected from three streams in
1968 and 1970. One of the museum specimens was taken
from Upper Klamath Lake in 1855 and is the type specimen
for “Salmo newberrii” (Behnke 1992). The other three spec-
imens were collected from the Williamson River in 1883.
The streams sampled in 1968 and 1970 were Whitworth and
Trout creeks (Sprague River drainage, Figure 1) and Butte
Creek, a disrupted part of the Upper Klamath Basin in Siskiy-
ou County, California.

Although the sample size is only four, there is virtually
no overlap of several meristic characters with samples from
contemporary fluviatile populations (Table 1). Another dis-
tinctive trait of the lacustrine specimens is 12—14 branchioste-
gal rays. The fluviatile specimens have 9-13 (mean = 11)
branchiostegal rays, which is typical for both rainbow and
cutthroat trout. The degree of differentiation between the
lacustrine redband trout and the resident stream populations
clearly indicates that the redband trout evolutionary history
in the basin selected for two life histories—a resident stream
form and a migratory (adfluvial) lake form. This is similar
to the evolution of distinctive adfluvial and fluviatile forms
of cutthroat trout in the Lahontan Basin, which has also
maintained a continuous lacustrine environment probably
since the Pliocene, as evidenced by the lacustrine sucker
genus Chasmistes of Pyramid Lake.

It is not known if the fluviatile form, with its distinctive
meristic traits, occurs in all drainages in the Upper Klamath
Basin. For example, in the Lahontan Basin, the fluviatile
form of cutthroat trout with diagnostic meristics is restricted
to the Humboldt and Quinn river drainages (Behnke 1992,
2002).

There are no unique genetic markers that can diagnose
Upper Klamath redband trout as a whole, but some alleles
that occur sporadically in Upper Klamath redband trout also
occur in redband trout of Goose Lake (and Warner and
Chewaucan) basins, such as the tripeptide aminopeptidase
69 allele (PEPB-1*69) and sAH*112 allele also found in
Fort Rock redband trout. These alleles are essentially other-
wise unknown in all other O. mykiss.

The lacustrine form of Upper Klamath Lake redband trout
is famed for its large size, with the largest angler-caught fish
reported as 11 kg and 86 cm in 1956 (Messmer and Smith
2007, this volume). A spawned-out redband trout measured
94 cm and was estimated to have weighed almost 14 kg be-
fore spawning.

Millions of hatchery rainbow trout were continuously
stocked in Klamath and Agency lakes and their tributaries
for about 50 years starting in 1928 (Messmer and Smith 2007,
this volume) and considerable unrecorded stocking proba-
bly occurred before 1928. With such massive stocking of
hatchery rainbow trout, the persistence of the native red-
band trout genotype might be questioned. Fortunately, two
strong selective factors favor the native redband trout over
nonnative hatchery rainbow trout to such an extent that very
few of the nonnative trout survived to reproduce.

First, Upper Klamath Lake is hypereutrophic and expe-
riences dense blooms of blue-green algae when the shallow
lake warms in the summer, during which pH rises to 9.5—
10.5 (Falter and Cech 1991)—conditions that are lethal to
nonnative trout. In September 1990, I had the memorable
experience of catching and releasing a splendid redband trout
from Pelican Bay of Upper Klamath Lake that measured 64
cm and over 2 kg. At the time, the water of Pelican Bay
resembled warm, green pea soup.

Second, Ceratomyxa shasta occurs in Upper Klamath
Lake. This myxosporean parasite is highly lethal to trout
that lack resistance. The native redband trout coevolved with
this pathogen and is resistant to its effects. Studies conduct-
ed in the 1960s demonstrated that few hatchery rainbow trout
were surviving in the lake and later studies confirmed the
presence of C. shasta (Messmer and Smith 2007, this vol-
ume). Stocking of hatchery fish into the lake was stopped in
1980. Although I doubt that the lacustrine form of Upper
Klamath Lake redband trout could persist in absolute puri-
ty, I believe the strong selective factors favoring the native
trout have maintained a genotype with little influence from
hatchery rainbow trout.

Goose Lake, Warner Lakes, and Chewaucan basins

The redband trout of Goose Lake, Warner Lakes, and
Chewaucan basins have a common origin and share distinc-
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tive morphological and genetic traits. Goose Lake can be
considered as a “semi-isolated” basin of the Northern Great
Basin. During extended periods of high precipitation in his-
torical times, the lake level rose and overflowed into the
headwaters of the Pit River in California. Seven of the eight
native fish species in the Goose Lake basin also occur in the
Pit River. The distinctive native redband trout of the Goose
Lake basin also occurs in the upper Pit River drainage, but
only in tributaries upstream of the confluence with Fall River
(e.g., Davis Creek). The native redband trout in the Pit Riv-
er basin downstream of Fall River and throughout the north-
ern Sacramento River system is sharply differentiated from
the Goose Lake redband trout both morphologically and
genetically. The Upper Klamath—Pit River—Sacramento ba-
sin connection is a plausible explanation for the great diver-
sity found in redband trout native to the upper Sacramento
River basin, especially the Goose Lake basin redband trout,
the most differentiated redband of the Northern Great Ba-
sin. This morphological and genetic differentiation indicates
an ancient origin and a long isolation of the Goose Lake
redband trout and derivatives found in the Warner Lakes
and Chewaucan basins. Besides the redband trout, tui chub,
and speckled dace, the Warner Lakes basin also has an en-
demic species of sucker, Catostomus warnerensis. The
Chewaucan Basin has been long isolated from invasion of
fishes from other basins. The redband trout evidently en-
tered the basin from the Goose Lake or the Warner Lakes
basin via headwater transfer. The only other native species
in the Chewaucan Basin are the tui chub and speckled dace.

Meristic characters of the native redband trout present
prior to introductions of hatchery rainbow trout are based
on six specimens collected in 1904 from Cottonwood Creek
(Goose Lake), eight specimens collected in 1904 from Hon-
ey Creek (Warner Lakes basin), and eight specimens col-
lected in 1897 and 1904 from the Chewaucan River. The
museum specimens have mean values of 22 or 23 gill rakers
(Table 1), which I assume should occur in any remnant pure
populations.

In 1968, I collected specimens from Thomas, Lassen,
and Davis creeks in the Goose Lake basin (Figure 1). Gill
raker counts in these recent collections were reduced from
those of the museum specimens and reflect the influence of
a long history of stocking hatchery rainbow trout in these
streams.

The meristic characteristics of recent redband trout in
the Warner Lakes basin are based on specimens collected in
1968 from Honey Creek (Figure 1). These redband trout
retained high gill raker numbers, but the average scale counts
were lower than the averages in the 1904 specimens (Table
1). However, specimens in the Oregon State University col-
lection that were collected in the 1980s from Deep and Wil-
low creeks (Figure 1) had reduced gill raker counts (17-22,
mean = 20).

Of the redband trout I collected from the Chewaucan
Basin (Elder and Dairy creeks, Figure 1), the Elder Creek
sample had reduced gill raker counts from the 1904 speci-

mens (Table 1), indicating a hybrid influence. Scale counts
were similar to the counts I made on the 1904 specimens
from the Chewaucan River. The Dairy Creek specimens also
had reduced gill raker counts and reduced numbers of scales
in the lateral series compared to the 1904 specimens (Table
1). Elder Creek and, especially, Dairy Creek have easy ac-
cess, are popular recreational fishery sites, and have a long
history of stocking with hatchery rainbow trout. Dairy Creek
received annual stocking of hatchery trout until 1997 (Bow-
ers et al. 1999). It is surprising that much, probably most, of
the native genotype has persisted, especially in phenotypic
appearance. The elliptical parr marks, larger spots, and yel-
lowish body coloration, typical of redband trout, still char-
acterize the redband trout of Elder and Dairy creeks and
most of the populations of Northern Great Basin redband
trout I have seen. Besides the occurrence of redband trout in
the Chewaucan River drainage, an isolated population is
known from Foster Creek (Bowers et al. 1999), which drains
toward Summer Lake (Figure 1). In July 2006, I accompa-
nied ODFW biologists for sampling of Foster Creek. Its small
size, isolation, and difficult access suggest that the Foster
Creek redband trout has not been influenced by nonnative
trout. In external appearance, these trout represent a pure
population of Chewaucan redband trout whose ancestors
gained access to Foster Creek from ancient Lake Chewau-
can more than 10,000 years ago. The two terminal lakes in
the basin, Abert and Summer lakes, are too alkaline for fish
life and have been isolated since the end of the last glacial
period, when the large pluvial lake in the Chewaucan Basin
desiccated.

The populations of redband trout in the Goose Lake,
Warner Lakes, and Chewaucan basins that were sampled for
genetic analysis by Berg (1987) and Currens (1997) have
been long exposed to stocking with hatchery rainbow trout
and potential hybridization to varying degrees. However, the
genetic data were similar to the morphological evidence in
showing the high degree of differentiation of the native red-
band trout of the Goose Lake, Warner Lakes, and Chewau-
can basins and the persistence of native genotypes.

The glucose-6-phosphate isomerase 138 allele (GPI-
B1*138) is diagnostic for the native redband trout of the
three basins, and likely occurred at or near 100% frequency
in the original redband trout before introductions of hatch-
ery rainbow trout. This allele was extremely rare or absent
in all other O. mykiss analyzed by Currens (1997), but was
found at 80-100% frequencies in samples from Beaver,
Camp, Cox and Thomas creeks of the Goose Lake basin.
Berg (1987) found the 138 allele at 45-95% frequencies in
samples from Crane, Thomas, and Buck creeks of the Goose
Lake basin, and at 60—85% frequencies in samples from the
upper Pit River and lower Goose Lake (Lassen, Davis, Park-
er, Joseph, and East creeks). In other samples from the Pit
River below the confluence with Fall River and from the
rest of the Sacramento River basin, the only samples with
the 138 allele (1% frequency) were from the upper McCloud
River (Berg 1987).
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In the Warner Lakes basin, the frequency of the 138 al-
lele was 87% in redband trout from an upstream section of
Honey Creek and 75% in redband trout from a downstream
section (Currens 1997). The frequency of this allele was 57%
in Deep Creek specimens, and was 45 and 70% in two col-
lections from Willow Creek. In the Chewaucan Basin, the
frequency of the 138 allele was 75% in redband trout from
Elder Creek, 53% in redband trout from Dairy Creek, and
46% in trout from Augur Creek, a tributary of Dairy Creek
(Currens 1997).

The GPI-B1* allelic frequencies of contemporary sam-
ples can be assessed relative to an assumed 100% occur-
rence in the original redband trout of the three basins and,
combined with comparisons to morphological data (espe-
cially gill raker counts), can be useful in evaluating degrees
of hybridization between the native redband trout and intro-
duced rainbow trout. For example, of redband trout sam-
pled in recent times from the Warner Lakes basin, the gill
raker counts of those from Honey Creek were more similar
to the museum specimens (Table 1) than those from Deep
and Willow creeks (17-22). The frequency of the 138 allele
was also higher in the Honey Creek samples than in samples
from Deep and Willow creeks (Currens 1997), suggesting a
higher degree of hybridization in the latter streams.

Another genetic marker that probably occurred at high
frequencies in the original native trout of the three basins is
PEBP-1*69. The 69 allele occurred at 11-47% frequencies
(Berg 1987) and at 47-81% frequencies (Currens 1997) in
streams of the Goose Lake basin. In Thomas Creek, the only
site sampled in both studies, the frequency of the 69 allele
was 47%. The frequency of the 69 allele in four tributaries
of the upper Pit River and lower Goose Lake was 15-45%
(Berg 1987). Low frequencies of the 69 allele (10-13%)
occurred in four samples from the Warner Lakes basin (Cur-
rens 1997). In the Chewaucan Basin, the frequency of the
69 allele was 10% in specimens from Dairy Creek, com-
pared to 71% in redband trout from Elder Creek. This same
allele is found commonly, but sporadically in the Upper Kla-
math Basin redband trout and occurred at 8% frequency in
redband trout from Buck and Bridge creeks of the Fort Rock
Basin (Currens 1997). Although the frequencies of the 69
allele in the original populations are not known, it appears
that random genetic drift and genetic bottlenecks, in addi-
tion to hybridization, have influenced frequencies in con-
temporary populations.

Discussion and Conclusions

I classified all of the Northern Great Basin redband trout
as O. m. newberrii in my recent book (Behnke 2002). Bowers
et al. (1999) also used the subspecies newberrii for these
same trout. “Salmo” newberrii was described in 1858 for
the redband trout of Upper Klamath Lake (Behnke 1992).
No other species or subspecies names have been proposed
for the redband trout of the other basins of the Northern Great
Basin. Although classification of all Northern Great Basin
redband trout as one subspecies has practical merit, it must

be recognized that three distinctly different ancestors gave
rise to the present diversity. For a strictly phylogenetic clas-
sification, newberrii would include only Upper Klamath and
Fort Rock redband trout. Different subspecies names would
be used for the redband trout of the other basins.

The trout native to the Harney Basin was derived from
the Columbia River basin redband trout O. m. gairdneri and
has been isolated in the Harney Basin for only about 18,000
years. A more recent transfer from the John Day drainage
into the Silvies drainage also brought more of the “modern”
O. m. gairdneri (with high frequencies of LDH-B2*76 al-
lele) into the Harney Basin. The Catlow Basin redband trout
is similar to the Harney redband trout from which it is de-
rived, and the redband trout of the Fort Rock Basin was de-
rived from the Upper Klamath Basin. Redband trout in the
Goose Lake, Warner Lakes, and Chewaucan basins are the
most distinctly differentiated form of redband trout and best
conform to the classic definition of a subspecies: that is,
populations confined to a defined geographic region and
clearly differing from all other subspecies of the species.
In taxonomy, the term polyphyletic subspecies has long been
used to group populations of diverse ancestry that share com-
mon traits. Thus, the subspecies O. m. newberrii as applied
to all Northern Great Basin redband trout is a polyphyletic
subspecies. The common trait shared by all the Northern
Great Basin redband trout that reflects their lacustrine evo-
lutionary heritage is a higher number of gill rakers—typi-
cally two or three more gill rakers than found in O. mykiss
outside this geographic region.

Trout populations living in large lakes with forage fishes
commonly evolve specialized predator-prey relations under
natural selection for hundreds or thousands of generations
and attain a large size. Examples of this are the Lahontan
Basin cutthroat trout of Pyramid Lake, the Bonneville Basin
cutthroat trout of Bear Lake O. c. utah, the Kootenay Lake
redband (or “Kamloops”) trout, and the Upper Klamath Lake
lacustrine form of redband trout (Behnke 1992, 2002). In
the Northern Great Basin, the tui chub is the most common
and ubiquitous forage fish. Suitable lacustrine habitat for
redband trout has been present in the Harney, Warner Lakes,
and Goose Lake basins, except during periodic droughts.
These semi-continuous lakes have allowed redband trout to
at least partially maintain their predator-prey evolutionary
heritage. The Catlow, Fort Rock, and Chewaucan basins did
not maintain suitable lacustrine environments after the last
glacial epoch, but lakes did form in these basins from about
2,000 to 4,000 years ago during a “neoglacial” period. Alli-
son and Bond (1983) reported trout fossils recovered from
the present desert floor of the Fort Rock Basin (Fossil Lake)
that were deposited when a lake covered the area during this
neoglacial period. Although suitable lake environments
would have occurred only sporadically in the Catlow, Fort
Rock, and Chewaucan basins, tributary streams flowed to
terminal marshes that contained tui chub, allowing migratory
redband trout to continue their predator-prey interactions
after the last glacial epoch. For example, when small red-
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band trout (< 20 cm) enter the reservoir on Threemile Creek
in the Catlow Basin, they feed on tui chub and grow rapidly.
The average size of the redband trout that were collected for
spawning was about 1.5 kg (Kunkel 1976; Kunkel and Hos-
ford 1978).

The hereditary basis for a migratory adfluvial life histo-
ry that requires a lacustrine environment obviously is not a
fixed trait in Northern Great Basin redband trout. A fixed
life history trait for migration to lakes in redband trout would
have disappeared during drought periods when the shrunk-
en lakes in the Harney, Warner, and Goose Lake basins be-
came uninhabitable for salmonid fishes over several
successive generations.

Much is yet to be learned about life history variation in
the redband trout of the Northern Great Basin, but a “fluvi-
al” type of life history, with extensive movement in larger
streams might exist. For example, fluvial behavior in red-
band trout from the Donner und Blitzen River would allow
for opportunistic migration to Malheur Lake when lake vol-
ume is sufficient. Similarly, in larger tributaries of the Goose
Lake (e.g., Thomas and Cottonwood creeks) or Warner Lakes
(Honey and Deep creeks) basins, migratory fluvial behavior
can capitalize on opportunities to greatly increase habitat
and forage when lake volumes increase. However, most pop-
ulations of Northern Great Basin redband trout, especially
in small streams isolated by physical or environmental bar-
riers, can be considered as fluviatile. Only in the Upper Kla-
math Basin, where a continuous lacustrine environment has
persisted since the Pliocene, have the true lacustrine or ad-
fluvial form and the fluviatile form evolved to a degree that
they can be distinguished from each other by diagnostic
meristic traits.
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Extended Abstract.—The evolutionary diversity of rainbow
trout Oncorhynchus mykiss east of the Cascade Range, com-
monly called redband trout, has confused ichthyologists for
nearly 150 years. These trout have persisted in a variety of
habitats, including large river systems, streams above barri-
er waterfalls, and ancient, closed lake basins. They have been
considered an undescribed species, cutthroat trout, or hy-
brids of rainbow and cutthroat trout (Behnke 1992). Cur-
rently, redband trout within large rivers east of the Cascades
have been proposed as different subspecies (Behnke 1992),
because they are morphologically and biochemically differ-
ent from rainbow trout in coastal streams. The relationship
of these subspecies to redband trout of Oregon’s ancient
desert lake basins has been unknown.

This paper examines the evolutionary ecology of rain-
bow and redband trout within large rivers and ancient lake
basins. If ancient lake basins were long-term refuges for red-
band trout since Pleistocene or early times, endemic isolat-
ed populations may be unrecognized subspecies. Alterna-
tively, if these habitats were colonized more recently, redband
trout may represent populations of widely distributed inland
subspecies from adjacent river systems.

Methods

We examined genetic differences among 11,400 rainbow
trout from 243 locations in major basins throughout the Co-
lumbia River, northern Great Basin, and adjacent regions
(Figure 1) at 28 enzyme encoding loci. We included two
nonnative hatchery strains that typified cultured strains that
have been widely released into western streams. Nested G-
tests were used to test for differences among samples among
and within major basins. The G-test statistic (G) divided by
the degrees of freedom (df) was used to compare different
geographical groups.

Results

Redband trout from different basins were as different from
each other as they were from coastal rainbow trout (Figure
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2). The major geographical genetic difference among rain-
bow trout, however, was associated with large river systems,
rather than the east-west axis of the Cascade Range or isola-
tion of individual basins. Four major genetic groups emerged
from the analysis: (1) Columbia River populations; (2) pop-
ulations from Goose Lake, Warner Lakes, and the Chewau-
can Basin, which were biogeographically related to the Sac-
ramento River (Minckley et al. 1986; Currens 1997); (3)
populations from Upper Klamath Lake and River and the
coastal Klamath Mountains; and (4) populations from plu-
vial lake basins in Oregon that were geographically and ge-
netically intermediate between Columbia River and Klamath
groups (Figure 2).

Each of the four major geographical groups included
populations from different basins of distinctly different evo-
lutionary lineages or subspecies (Figure 1, 2). Differences
in allele frequencies among populations from different ba-
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Ficure 1.—Locations where rainbow trout were collected. Upper
case letters indicate major groups: A, Lower Columbia River; B,
Mid-Columbia River; C, White River; D, Upper Columbia River;
E, Clearwater River; F, Salmon River; G, Snake River; H, Harney
Basin; I, Catlow Valley; J, Chewaucan Basin; K, Fort Rock Basin;
L, Goose Lake Basin; M, Upper Klamath Lake headwater
populations; N, Upper Klamath River and Lake; O, Warner
Valley; Q, Coastal Klamath Mountains.
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FIGURE 2.—Canonical variate analysis of allozyme variation
among major evolutionary groups of rainbow trout. Letters
correspond to groups in Figure 1.

sins (G =21881; df =396; G/df = 55.3) far exceeded differ-
ences within basins (G = 23099; df = 7458; G/df = 3.1).
Major evolutionary lineages within the Columbia River
group, for example, included both putative subspecies of
redband and coastal rainbow trout, White River redband
trout, and Harney Basin redband trout. The Klamath group
included two major evolutionary lineages in Upper Klamath
Lake and steelhead from coastal rivers of the Klamath Moun-
tains province.

Discussion

Our results showed that redband trout include more major
evolutionary lineages or subspecies than previously recog-
nized. In isolated desert basins, we found distinct major lin-
eages, but these were related to those in large river systems.
Patterns of genetic diversity observed among redband trout
would be expected from periods of isolation, fluctuations in
abundance, and local extinctions interrupted by episodes of
colonization and gene flow. This suggested a dynamic rela-
tionship between large rivers and ancient lakes. Isolation in
ancient pluvial lake basins—which have filled, desiccated,
and reformed many times (Antevs 1925; Mehringer 1977)—
was a source of ecological and evolutionary diversity for

redband trout. Large rivers provided long-term sources of
stable aquatic habitat and intermittent dispersal of fish to
peripheral areas. Fort Rock and Catlow Valley populations,
which could not be unambiguously associated with a single
major river system (Figure 2), illustrated this dynamic. Fort
Rock redband trout reflected multiple hydrological connec-
tions and gene flow from lineages in different major river
basins (Minckley et al. 1986; Currens 1997). Catlow Valley
redband trout, which had very low levels of genetic diversi-
ty (Currens 1997), reflected greater geographical isolation
from large rivers and genetic drift in small populations.

These results have important implications. Large river
systems include both core production areas and peripheral
habitats, such as isolated streams and lake basins. If resources
are limited, protection of only core areas may conserve long-
term production while jeopardizing unique races that evolved
in peripheral habitats. Protection of genetically divergent
groups may preempt protection of less divergent groups in
core areas. Understanding how these fish survived and
evolved in core and peripheral habitats, however, can help
managers make informed choices.
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Extended Abstract—Ecological theory and observation in-
dicate that isolated populations have a much greater risk of
extinction than those that are not isolated (Diamond 1984).
Most studies of isolated populations—usually on islands—
implicate demographic, catastrophic, and genetic causes,
including loss of genetic variation and inbreeding associat-
ed with founding events and small population sizes
(Frankham 1998). Studies of genetic variation of many dif-
ferent kinds of organisms in island populations show that
they have lower levels of genetic variation than mainland
populations that are not isolated (Frankham 1997).

In Pacific salmon, populations are usually isolated by
ancient geological barriers or recently constructed dams rath-
er than by large bodies of water. Once-migratory popula-
tions are restricted to islands of habitat above these dams.
Although construction of dams clearly reduced abundance
of anadromous salmonids, impacts on isolated populations
they created have not been well documented. Ecological and
genetic theory predicts that these populations should lose
genetic variation. Here we examine potential losses of ge-
netic variation by comparing populations of redband trout
Oncorhynchus mykiss (unique evolutionary lineages of
rainbow trout) in free-flowing streams with those recently
isolated by dams and those isolated by ancient geological
barriers.

Methods

We measured genetic variation in populations of redband
trout from the Deschutes, Snake, and Klamath Basins (Fig-
ure 1). In each basin, we examined fish from streams below
impassable dams constructed during this century, streams
above dams that once held anadromous fish, and streams
that were isolated by ancient geological barriers. Areas of
ancient isolation included the White River (Deschutes Riv-
er basin), Harney Basin (Snake River basin), and Upper
Klamath Lake tributaries (Minckley et al. 1986). Samples
with evidence of introgression from introduced hatchery fish
were not included. We tested the hypothesis that isolated
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populations had lower levels of genetic variation than pop-
ulations not isolated, using z-tests on arcsin-transformed
values of average heterozygosity and Wilcoxon—-Mann—Whit-
ney rank sum tests on the numbers of polymorphic loci, rare
alleles, and alleles per locus in each population.

Results

In the Snake River, populations recently isolated above
dams had lower levels of genetic variation than populations
not isolated, for three of the four measures (Figure 2). Lev-
els of genetic variation in recently isolated populations were
similar to those above ancient barriers. In the Deschutes
River, populations above dams had fewer numbers of rare
alleles than those below dams, but we lacked statistical power
to detect differences in other measures. In three of four mea-
sures, populations above ancient barriers had lower levels
of variation than populations that were not isolated. In the
Klamath Basin, patterns of genetic variation were more com-
plex. Populations recently isolated above dams were not sig-
nificantly different from those below. Populations in areas
of ancient isolation had significantly fewer rare alleles and
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Ficure 1.—Study area. Areas isolated by ancient barriers are
shaded and those isolated by dams are shown in solid boxes.
Samples were collected during 1984—-1993 from 50 populations in
the Snake River basin, 28 populations in the Deschutes River
basin, and 26 populations in the Klamath River basin.
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Ficure 2.—Levels of genetic variation in populations not isolated
(solid bars), populations isolated by dams (open bars), and
populations above ancient barriers (shaded bars) at 28 enzyme
encoding loci. Percent average heterozygosity (ﬁ), number of
polymorphic loci (P), and number of rare alleles are shown on the
left abscissa; number of alleles per locus is on the right abscissa.
Asterisks and horizontal bars indicate significant differences (P <
0.05) and lack of significant differences, respectively.

polymorphic loci than did those not isolated, but they also
had higher levels of heterozygosity.

Discussion

Our studies of rainbow trout supported conclusions from
other species that isolated populations have lower levels of
genetic variation than those not isolated. These effects can
be detected even in populations recently isolated by human
activities. This was most obvious in the Snake River, where
fish in some tributaries have been isolated by dams for near-
ly a century. As a consequence of a century of isolation, loss
of habitat, and eradication by management agencies inter-

ested in stocking other strains of rainbow trout, native pop-
ulations in these tributaries have apparently lost as much
genetic variation as related populations isolated for thou-
sands of years in the Harney Basin. Effects on recently iso-
lated populations were less obvious in the Deschutes River,
where main stem dams were closed only 30 years before
these samples were collected.

Levels of genetic variation in the Klamath Basin reflect-
ed the more complex history of this basin. Although Upper
Klamath Lake was at one time isolated from the lower Kla-
math River, overflows that breached this barrier forming the
present upper Klamath River (Moyle 1976) would have pro-
vided opportunities for colonization and gene flow. High
levels of endemism in Upper Klamath Lake (Minckley et al.
1986) also suggested that fish in this basin may have had
long periods of stable habitat with fewer extinctions than in
other isolated basins. Additionally, populations below dams
have suffered recent declines in abundance, which may have
resulted in lost genetic variation. This would confound our
ability to infer changes in isolated populations.

Many of these interior basins are at the heart of country
where redband trout have thrived (Behnke 1992). Our re-
sults indicate that human activities are taking a toll on these
populations. Genetic variation is a vital sign of the long-
term health of these populations. Ignoring these signs and
their demographic and ecological implications will inevita-
bly make conservation of these populations more difficult.
Actions to increase population size by reconnecting islands
of habitat will help stabilize losses and reduce risks of ex-
tinction.
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Abstract.—The redband trout Oncorhynchus mykiss is a polymorphic species representing a primitive line of rainbow
trout found east of the Cascade Mountain Range. In Oregon, different distinctive populations arose in the Columbia
drainage and in the northern Great Basin (i.e., Catlow, Chewaucan, Fort Rock, Goose Lake, Harney-Malheur, Upper
Klamath Lake). Some of the differences among populations are due to natural selection, but others may be due to
ecophenotypic plasticity. Ecophenotypic plasticity is important because the current emphasis of the Endangered Spe-
cies Act is to confer protection for genetically distinctive populations rather than distinctive phenotypes. We present
evidence that phenotypic plasticity exists in redband trout of Oregon. We argue that unique ecophenotypic traits are
important to preserve regardless of their origin, and that the criterion for evolutionary importance based only on genet-

ically determined polymorphisms is incorrect.

The name redband evokes a particular image, a trout with
a particular set of distinguishing characteristics associated with
the high desert ecoregions of the Intermountain West. Al-
though the group deserves much study, preliminary evidence
suggests that the redband trout Oncorhynchus mykiss is poly-
morphic and cannot be easily stereotyped, because it is com-
posed of a wide range of phenotypes expressing different
behavioral and physiological traits, life histories, and mor-
phologies (Behnke 2002; Gamperl et al. 2002; Rodnick et al.
2004). How various polymorphic states arose is not under-
stood precisely. However, a discussion of the possibilities has
tremendous bearing on conservation strategies. The objec-
tives of this paper are to (1) discuss origins of polymorphism
and how they relate to the Evolutionarily Significant Unit
(ESU), (2) present evidence for the existence of phenotypic
polymorphism in redband trout in Oregon, (3) describe unique
characteristics of selected redband trout populations, and (4)
discuss how conservation strategies should change to incor-
porate considerations of ecophenotypic plasticity in addition
to measurement of genetic distances using molecular tech-
niques.

Natural selection operates by winnowing unfit phenotypes
from the population, and the phenotype is formed from the
interaction of the environment with the genotype (Ehrlich and
Holm 1963; Williams 1966). Therefore, polymorphic traits
can arise within a species via three different means: addition
of genes through mutation, deletion of genes (natural selec-
tion), or modification of gene expression (ecophenotypic plas-
ticity). Thus, a species complex such as the redband trout,
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populations of which are dispersed over a broad geographi-
cal range and isolated from each other, may diverge because
of (1) genetic drift due to founder effect or genetic bottle-
necks caused by catastrophic events, (2) lowered outbreeding
among populations, and (3) differences in selection pressures
among populations.

Phenotypic Diversity

Natural selection is likely responsible for a wide diversity
of redband trout phenotypes because of the rich array of hab-
itats they have occupied across their natural range for millen-
nia (Table 1). Some of the physical features that may have
shaped phenotypic differences in redband trout are related to
climate and climate shifts. For example, the pluvial and inter-
pluvial periods in the Great Basin lasted for tens of thousands
of'years. As might be expected, some populations in the Great
Basin may be better adapted for a xeric climate and higher
temperatures that those that evolved in cold constant basins
such as the Deschutes Basin. Indeed, recent findings suggest
that redband trout in the Little Blitzen River and Bridge Creek
are physiologically different in swimming stamina and meta-
bolic power from that reported for other rainbow trout
(Gamperl et al. 2002). In fact, Bridge Creek trout had greater
metabolic power (ability to do work) above 24°C than at 12—
14°C. Analysis of enzyme systems of these trout suggests that
the Bridge Creek population is especially well adapted for
anaerobic metabolism and life at higher temperatures (Rod-
nick et al. 2004). In contrast, the Metolius River is renowned
because it is cold (approximately 12°C) year around. Its red-
band trout should be highly stenothermic and an interesting
contrast to fish of the Malheur Lake basin.

How trout have adapted to high temperatures is uncertain.
Clear experimental evidence for genetically based adaptation
to high temperatures is lacking (Thorgaard et al. 2007, this
volume). This uncertainty could be the result of a phenotypic
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TaBLE 1.—Examples of phenotypic extremes of redband trout populations living in unusual habitats.

Stock, location

Phenotypic characteristic

Reference

Chino Creek, Nevada
Swamp Creek, Oregon

Deschutes River, Oregon

Klamath River (Keno reach), Oregon

Fish angled in 28.3°C water, actively feeding,
not overly fatigued when released

Resistance to Ceratomyxa shasta

Healthy populations of large (up to 60 cm)

Behnke (1992)

Currens et al. (1997)

Buchanan (1991)

fish in reaches with 25-27°C.

Klamath River (Keno reach), Oregon

Spring Creek (Klamath Basin), Oregon
except September

Goose Lake, Oregon and California

Populations exposed to pH of 9.2-9.6
for extended periods

Populations spawn in all months of year

Adfluvial populations persist despite periodic

Buchanan (1991)

Buchanan et al. (1990)

Federal Register (2000)

drying of lake: complete in 1926 and 1992,
and virtually dry 1929-1934

Donner und Blitzen River, Oregon

Populations experience diel water
temperatures of 7.5-26.5°C

W. Hosford, ODFW (retired),
personal communication

response, or it may reflect the difficulty in collecting un-
equivocal evidence of genetic influence. But genetically
based adaptations remain a viable hypothesis and are the
subject of current research (Thorgaard 2007, this volume).

Physical habitat that affects spawning also may have
helped shaped redband trout phenotypes. Buchanan et al.
(1990) counted fresh redds of spawning redband trout every
2 weeks throughout the year in Spring Creek, a tributary of
the lower Williamson River and Klamath Lake. They found
trout spawning in every month except September. The vol-
canic explosion of Mount Mazama about 7,700 years ago
no doubt covered much of the spawning area in the upper
Klamath Basin with dust and pumice. Spawning arecas were
probably extremely limited and Spring Creek has 300 cfs
(8.5 m%/s) of underwater upwelling sites. We believe that
these extreme habitat conditions produced conditions for
nearly constant spawning throughout the year, a very differ-
ent pattern from other populations of O. mykiss, which spawn
only during the spring. These are not the only examples of
phenotypic extremes of O. mykiss. The high desert system
has several and there are probably others yet to be described
(Table 1).

Physical diversity of habitat is not the only driving force
in natural selection. Redband trout have co-evolved with dif-
ferent faunal assemblages (Table 2) and biological interac-
tions are a potent evolutionary force (McPeek 1996). Among
the distinctive faunal assemblages with which they have
evolved are those from Goose Lake, derived from the Pit
River fauna of the Sacramento—San Joaquin system; the dis-
tinctive Klamath Lake fauna; the Deschutes Basin of the
Columbia River fauna; and the isolated endorheic basins of
the ancient Great Basin. Each faunal group imposed differ-
ent types and intensities of interspecific interactions that

probably resulted in different evolutionary pathways for the
different populations of redband trout. For example, red-
band trout of the Great Basin evolved in the absence of the
northern pike minnow Ptychocheilus oregonensis, a preda-
tory minnow found in the Columbia Basin, whereas, red-
band trout of the Columbia River Plateau co-evolved with
this species. The Goose lake redband trout evolved with the
Pit roach Lavinia [=Hesperoleucas] symmetricus mitrulus
and Goose Lake sucker Catostomus occidentalis lacusanseri-
nus, fishes not found in other drainages in Oregon. Klamath
redband trout evolved with the Klamath sucker complex and
blue chub Gila coerulea and tui chub Gila bicolor, perhaps
promoting the evolution of a piscivorous morph. Redband
trout of the John Day Basin evolved with Chinook salmon
O. tschawytscha, westslope cutthroat O. clarkii lewisi, and
bull trout Salvelinus confluentus. Interspecific competition
and niche segregation may have played a more significant
evolutionary role in this system than in the Great Basin.
Differential immunity to diseases such as Ceratomyxa
shasta among different populations results from the relative
co-adapted history between parasite and host, and can rein-
force differences between gene pools of salmonids (Bucha-
nan et al. 1983). In fact, this type of interaction is one of the
reasons that interbasin stock transfers in Oregon are regulat-
ed by a Native Fish Conservation Policy and a Hatchery Fish
Management Policy. In a sense, differential immunity is an
adaptation that one population can use to exert dominance
over a competitor. Schroeder (2007, this volume) found that
the native redband trout of the Deschutes River are resistant
to C. shasta, but those isolated above the waterfalls of the
White River, which drains into the Deschutes River, are sus-
ceptible. The original redband trout in the Metolius River, a
tributary of the Deschutes, were presumably resistant. How-
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TaBLE 2.—Native fishes associated with redband trout from selected eastside basins of Oregon.

Basin Common name Scientific name
John Day redband trout (resident and Oncorhynchus mykiss ssp.
anadromous)

Pacific lamprey Lampetra tridentata
mountain whitefish Prosopium williamsoni
cutthroat trout O. clarkii lewisi
chinook salmon O. tshawytscha
bull trout Salvelinus confluentus
redside shiner Richardsonius balteatus
speckled dace Rhinichthys osculus
longnose dace R. cataractae
northern pikeminnow Ptychocheilus oregonensis
mountain sucker Catostomus platyrhynchus
bridgelip sucker C. columbianus
largescale sucker C. macrocheilus
torrent sculpin Cottus rhotheus
Piute sculpin C. beldingii

Goose Lake Goose Lake redband trout O. mykiss spp.
Pit—Klamath brook lamprey L. lethophaga
Goose Lake lamprey L. tridentata spp.
Goose Lake tui chub Gila bicolor thalassina
speckled dace R. osculus
Pit roach Lavinia [Hesperoleucas] symmetricus mitrulus
Goose Lake sucker C. occidentalis lacusanserinus
Modoc sucker C. microps
Pit sculpin Cottus pitensis

Malheur Malheur redband trout O. mykiss spp.
Mountain whitefish P. williamsoni
longnose dace R. cataractae
speckled dace R. osculus
redside shiner R. balteatus
tui chub G. bicolor spp.
Malheur mottled sculpin C. bairdii

Lake Abert redband trout O. mykiss spp.
speckled dace R. osculus
tui chub G. bicolor spp.

Silver Lake redband trout O. mykiss spp.
tui chub G. bicolor spp.
speckled dace R. osculus

Catlow redband trout O. mykiss spp.
tui chub G. bicolor spp.

Warner redband trout O. mykiss spp.
tui chub G. bicolor spp.
speckled dace R. osculus
Warner sucker C. warnerensis

ever, years of stocking of susceptible hatchery rainbow trout
led to introgression that left the Metolius River trout inter-
mediate in resistance between hatchery trout and the Des-
chutes stock (Currens et al. 1997). Stocking of hatchery
rainbow trout was discontinued in 1996, so natural selection
should allow the pure redband trout genotype to persist in
the Metolius. We have illustrated from these examples that
polymorphic traits are likely to have evolved as a result of
different selection pressures derived from biotic interactions.

Ecophenotypic plasticity is not as widely appreciated as

is natural selection by fisheries managers as a mechanism
resulting in polymorphism within a population. In contrast,
systematists and evolutionary biologists understand such
plasticity to be an important mechanism (Dobzhansky 1951;
West-Eberhard 1989). The phenotype results from the addi-
tive interaction of the environment acting on the genome.
This relationship can be expressed as follows:

Phenotypic variance = Environmental variance + Genetic
variance + Interaction variance
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Thus it is possible that fishes with different traits (physio-
logical performance, shape, life histories) can result from
the same genome. This plasticity may be especially impor-
tant for the genus Oncorhynchus, which is tetraploid and in
which large gene complexes are possible. Ecologically, this
attribute is important because different phenotypes offer
specialization, thereby reducing intraspecific competition
(Dobzhansky 1951). Polymorphism expands the breadth of
resource utilization and can buffer a population from distur-
bances. A species that can quickly respond developmentally
to environmental cues will quickly adapt to uncertain and
unpredictable environments. The rule of thumb is that
ecophenotypic plasticity (i.e., phenotypic variance attribut-
able to environmental variance) should dominate in uncer-
tain environments, but natural selection should be more
responsible for changes in phenotype where conditions
change more slowly and predictably. Botanists have found
that plants showing the highest phenotypic plasticity have
low genetic heterozygosity and inhabit highly variable envi-
ronments (West-Eberhart 1989).

It is not entirely clear how ecophenotypic plasticity is
produced. Speculations are that there may be ontogenetic
developmental switches, perhaps regulator genes or pleio-
tropic effects. However, there are many examples of its ex-
istence. The classic study was by Meyer (1987) on cichlids,
where he discovered that he could take full sibs and obtain
two drastically different morphs, fixed biters vs. suckers, by
feeding them different diets. Ontogeny was important be-
cause the morphs could be reversed by switching diets up to
8.5 months of age, after which change would not result.

Ecophenotypic plasticity is a characteristic of salmonids.
Preeminent among examples is the Icelandic Arctic charr
Salvelinus alpinus in the Lake Thingvallavatn complex
(Skulason et al. 1989, 1996; Smith and Skulason 1996). Four
morphs are almost indistinguishable with respect to their
genetic background. One morph is a small (7-22 cm), snail-
eating charr that dwells in the interstitial spaces in the
benthos. A second is a large (20—-50 cm), epibenthic snail-
eating charr. The other two morphs are adapted for the pe-
lagic zone of the lake. They are more streamlined and have
more gill rakers. One is a small (14-22 cm) zooplanktivore
and the other is its predator, a large (25—60 cm) piscivore. It
is important to note that the morphs are locally derived, that
transplants of one morph can give rise to other morphs, and
that ecophenotypic plasticity seems to follow the general rule.
Lake Thingvallavatn is highly variable in food supply. In
the Holarctic, Coregonus—Prosopium polymorphisms such
as morphology of the jaw are associated with food habits
(Svérdson 1979).

Other traits may be phenotypic responses to the environ-
ment. Life histories are highly plastic among salmonids and
are influenced by growth rates (Thorpe 1987a, 1987b, 1989;
Huntingford et al. 1988; Metcalfe 1993). For instance, fast
growing coho salmon O. kisutch smolts mature early as jacks
(Gross 1991; Gunnarsdottir 1992). Precocial dwarfs are
found repeatedly in the family Salmonidae, e.g., kokanee—

sockeye salmon O. nerka and Atlantic salmon Salmo salar
(Thorpe 1989). Anadromy may be an ecotypic polymorphic
trait driven by growth rates of juvenile fishes (Thorpe 1989).
The same might be said for “movers vs. stayers”, the pro-
pensity for an adfluvial life style in some populations (Grant
and Noakes 1987).

Management Implications

Why should fisheries managers be interested in pheno-
typic diversity? First, natural selection acts at the level of
the individual or the phenotype (Dobzhansky 1951; Will-
iams 1966). Therefore, phenotypes have selective value and
are important in the evolution of the species. Second, unique
phenotypes can be derived either through natural selection
or through an ecophenotypic response to the environment.
Presently, only genetic differences are used to identify pop-
ulations as distinctive population segments (ESU), which
fails to recognize an important second criterion, phenotypic
differences (Healy and Prince 1995). Therefore, the risk is
that certain important life history types will be ignored. The
problem is that unique morphs may arise from early life his-
tory exposure to a unique habitat or sets of habitats. These
habitats can be lost if the populations using them are not
protected by the Endangered Species Act. Skulason et al.
(1989, 1996) argue that ecophenotypic plasticity is how adap-
tive radiation may proceed during its early stages, that dif-
ferent morphs will be spatially segregated, and traits may
accrue that will eventually lead to reproductive isolation of
the morphs. By definition then, unique phenotypes are evo-
lutionarily significant despite the lack of genotypic differ-
ences.

We would expect ecophenotypic variation to be high in
uncertain, unpredictable environments where variation oc-
curs in recurrence intervals of natural disturbances (e.g.,
drought, flooding, fires) and in system productivity (e.g.,
ocean upwelling). Ecophenotypic variation may buffer the
productivity of the population through uncertain times as
well as allow exploitation of many different environments
across wide spatial scales. In light of this, it is disturbing to
witness the accelerating degree of habitat change across the
landscape and to consider what this change will mean in terms
of the loss of phenotypic diversity of our salmonids, espe-
cially redband trout. We need to modify our approach to
Aquatic Diversity Areas in order to protect fishes (Li et al.
1995). We should identify unique phenotypes irrespective
of the genetic background. The redband trout is a complex
of populations with many phenotypes. It is our responsibili-
ty to protect them all. They are all evolutionarily significant.
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Possible Approaches for Genetic Analysis of Temperature Adaptations in Redband Trout
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Abstract—Although it has been widely assumed that the redband trout Oncorhynchus mykiss that live in desert
streams have genetically based adaptations for high temperature, clear experimental evidence for this supposition is
lacking and could be challenging to collect. The types of tests that could be conducted to test for such adaptations at
the organismal, cellular, and biochemical levels are described. If evidence is found for such adaptations, their genetic
control could then be examined. Approaches for analyzing the genetic control of differences in temperature response
could include heritability studies and associations of measurable traits with candidate genes, possibly including the

use of appropriate crosses involving clonal lines.

Some inland strains of rainbow trout Oncorhynchus
mykiss, known as redband trout, are found in high desert
streams, and investigators have proposed that these fish are
adapted for high water temperatures (Behnke 1992; Zoel-
lick 1999). This proposal is supported by the periodic ele-
vation of temperatures in these streams above levels nor-
mally thought lethal in the rainbow trout species. The failure
of introduced hatchery rainbow trout to displace these strains,
after repeated introductions in some cases (Wishard et al.
1984), is also consistent with the idea that these redband
trout populations harbor unique adaptations. The Rio Santo
Domingo rainbow trout of Baja California previously have
been proposed as being adapted to high water temperature
(Needham and Gard 1959). Tolerance to hypoxia, as well as
to high temperature, is likely to be important in adapting to
such extreme environments (Vinson and Levesque 1994).

If redband trout do tolerate higher water temperatures
than other rainbow trout, a fundamental question is the de-
gree to which such adaptations are genetic or environmental
in origin. Fish can acclimate to high temperatures by pro-
gressive exposures to increased temperature over time (Dyer
et al. 1991; Logue et al. 1995). The degree of genetic or
environmental basis for temperature adaptations (or other
complex traits) is a complicated issue that requires raising
fish with different genetic makeups (genotypes) in common
environments and comparing their characteristics.

Questions about a genetic or environmental basis for tem-
perature adaptations in redband trout, and of a genetic basis
for adaptations in general, are important for several reasons.
First, demonstrating a genetic basis for an adaptation pro-
vides an objective case for conservation. If animals from a
particular population have a distinctive, inherited adapta-
tion to a specific environment, they likely need to be con-
served if the species is to occupy the habitat successfully.
Although this adaptation might arise again independently in
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an introduced population, this is far from certain. Second,
demonstrating a genetic basis for an adaptation and under-
standing the underlying mechanisms can contribute to basic
information on the evolution and genetic control of impor-
tant traits. Third, genetically based adaptations may have
potential value in trout breeding programs. It could be casi-
er to select for valuable traits (such as the ability to survive
or grow quickly at high temperature) if we understand how
the traits are controlled. Cold tolerance has been identified
as an important trait for selection in tilapia (Behrends et al.
1990), and heat tolerance could similarly be of importance
in extending the range of trout culture.

There are a number of possible tests for temperature ad-
aptations in fishes. All involve examining different species
or strains under a range of temperature conditions. These
tests may be conducted at the organismal, cellular, or bio-
chemical level. Rainbow trout are among the most well stud-
ied of fish species (Thorgaard et al. 2002) and present ex-
cellent opportunities for such studies.

Organismal Tests for Temperature Adaptations

The most obvious tests for temperature adaptations at
the organismal level are thermal tolerance tests. One such
test is a direct survival test, sometimes termed an “LD50”
(lethal dose for 50%) study. The upper lethal temperature is
known to be correlated to the preferred temperature in fish
species (Tsuchida 1995). A related test, the “critical ther-
mal maxima” or CTM test, relies on behavioral rather than
survival endpoints for temperature tolerance (Peterson 1993;
Bennett and Beitinger 1997; Smith and Fausch 1997). Le-
thal temperature and CTM appear to be highly correlated
(Tsuchida 1995). Differences in temperature tolerance have
been documented among salmonid species (Brett 1952; Lee
and Rinne 1980; Elliott 1991). However, such trials on red-
band trout have not shown any difference in survival rela-
tive to hatchery rainbow trout strains (Sonski 1983). Red-
band trout from Threemile Creek (Oregon) used in that study
may not be the strain most adapted to high temperatures,
and temperatures in the stream are more moderate than in
some other redband trout streams such as Chino Creek, Ne-
vada (Behnke 1992). Gamperl et al. (2002) found no differ-
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ence in preferred temperature between two Oregon redband
trout strains from streams with different thermal profiles.

Studies of organismal performance, such as growth rate,
are another type of whole organismal test. Redband trout
from Threemile Creek, Oregon, grown over a range of tem-
peratures at the Bozeman Fish Technology Center in 1981
had significantly faster growth at 19°C than at 16°C (P. Dw-
yer, U.S. Fish and Wildlife Service, personal communica-
tion), which appears to be a different growth pattern than
for other rainbow trout strains (Dwyer et al. 1981). Both
thermal tolerance and performance studies are challenging
to conduct properly because the temperature to which a fish
has been acclimated influences its response to temperature.

Development rate is another organismal attribute that
could be examined for temperature adaptations. For exam-
ple, Tallman (1986) showed that the rate of development in
chum salmon was dependent on the season of reproduction.
One may therefore infer that differences in development rate
among strains of salmonids incubated at a common temper-
ature may reflect adaptation to the incubation environment
of origin. Adaptations to temperature associated with devel-
opment rate may be present in order to synchronize emer-
gence of the fry to minimize predation (Godin 1982) or to
maximize food availability. Development rate may be mea-
sured in a number of ways, including time to hatch, morpho-
logical analysis, or patterns of enzyme expression (Fergu-
son et al. 1985). The heritability of a trait (the proportion of
the variation in the trait that is due to genetic factors) is
measured by the degree to which relatives have a greater
resemblance to each other than to unrelated individuals.
(Gjerde 1993). Heritability (4%) of hatching time ranged from
0.41 to 0.83 in pink salmon (Beacham 1988), and has been
reported as high as 0.23 in rainbow trout (MclIntyre and Blanc
1973). These relatively high values of /42 in salmonids indi-
cate that development rate is a quantitative trait upon which
selection can have a large effect, thus producing local adap-
tations to temperature regimes. Significant differences in
development rate also have been reported among hatchery
strains of rainbow trout (Ferguson et al. 1985). Differences
in development rate have been identified among clonal rain-
bow trout lines (Robison et al. 1999), and these differences
have been exploited in mapping studies that have demon-
strated that one particular chromosome region has an espe-
cially large effect on development rate. Taken together, these
data indicate the potential for adaptation to local tempera-
ture regimes in rainbow trout. No data are available on de-
velopment rates in redband trout. It is difficult to predict
what development rate might be expected for these fish, as
the embryos likely are developing at times when streams in
which they live are still cool.

Meristic and morphometric analyses also may be useful
in demonstrating temperature adaptation in fish. Variation
in morphometric traits may reflect adaptation to particular
environments (Hjort and Schreck 1982; Taylor and McPhail
1985; Beacham et al. 1988). Meristics and morphometrics,
however, have both a genetic and an environmental compo-

nent. For example, meristic counts are affected by tempera-
ture, such that the number of meristic elements is inversely
related to development rate (Garside 1966; Lindsey et al.
1984; Beacham and Murray 1986). This effect also has been
shown in clonal fish (Swain and Lindsey 1986). Beacham
(1990) found that the heritability of meristic and morpho-
logical traits in chum salmon was quite high (4> > 0.33).
Several studies have demonstrated that a significant interac-
tion exists between genotype and environment when meris-
tic traits are examined at multiple temperatures (Murray and
Beacham 1989; Beacham 1990). These results suggest an
adaptation to a specific temperature regime.

An additional indicator of adaptation to extreme temper-
atures is developmental stability. Developmental stability is
commonly measured by scoring fluctuating asymmetry,
which compares the number of bilateral meristic characters
(Leary and Allendorf 1989). Fluctuating asymmetry has been
suggested for use as an indicator of environmental stress
(Valentine et al. 1973; Leary and Allendorf 1989). In chum
salmon, increased temperatures resulted in increases in the
observed levels of fluctuating asymmetry in three meristic
characters (Beacham 1990). This result suggests that devel-
opmental stability, as measured by fluctuating asymmetry,
could be a useful indicator of adaptation to high tempera-
tures. Fish adapted to high temperatures might be expected
to show less increase in fluctuating asymmetry in response
to elevated temperatures during development than would fish
not adapted to high temperatures.

Gamperl et al. (2002) recently examined swimming per-
formance and metabolism of wild individuals sampled from
two Oregon redband trout populations and found that indi-
viduals from the cooler stream had better performance at a
low temperature (12°C), but that individuals from the two
groups had similar performance at a high temperature (24°C).
Because the fish were not reared in a common environment,
it is not possible to conclude whether this phenotypic differ-
ence has a genetic basis.

Cellular and Biochemical Tests for Adaptation

If genetic evolution of thermal tolerance has occurred in
redband trout, it likely has been associated with the regula-
tion or modification of genes associated with normal cellu-
lar or biochemical function. Numerous cellular and biochem-
ical assays exist that could be used to investigate adaptation
to higher thermal tolerance in redband trout.

At the cellular level, the thermal tolerance of an organ-
ism could be assessed using cultured or isolated cells (Mosser
et al. 1986; Goldspink 1995). The inactivation half-life of
myofibril cells isolated from fish has been correlated to the
temperature range to which a species was adapted (Gold-
spink 1995).

At the biochemical level, specific proteins or protein fam-
ilies are integral to the survival of organisms in variable en-
vironments (Powers et al. 1991). Foremost among these are
the heat-shock family of proteins. Heat-shock proteins act
as molecular chaperones, assisting in folding and assembly
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of other proteins or in the repair or degradation of damaged
proteins (Parsell and Lindquist 1993). Both constitutive and
inducible forms are found in all organisms and are crucial
for cellular survival. The constitutive forms are found in cells
under normal conditions. Their structure has been conserved
throughout evolution, even maintaining a high degree of se-
quence similarity between forms in eukaryotes and prokary-
otes. The inducible forms are expressed during times of
stress, with heat being a major inducer. Inducible forms have
shown diversity within and between species of fish, and may
allow for evolution in changing environments (White et al.
1994; Norris et al. 1995).

The regulation of inducible heat-shock proteins could
change in two ways to increase the thermal tolerance of an
organism. First, the induction temperature of heat-shock pro-
teins is closely related to the physiological optima of the
organism (Dyer et al. 1991; Norris et al. 1995), and there-
fore an upward change in the induction temperature could
provide protection against higher temperatures. This type of
change could be important in redband trout because even if
their upper tolerance has not changed, it is likely that they
experience higher average temperatures and may have a high-
er preferred temperature. Secondly, the abundance of induc-
ible heat-shock proteins has been correlated to increased
survival time at a lethal temperature in fish and likely pro-
vides better protection at sublethal temperatures (Norris et
al. 1995). Characterizing the inducible heat-shock proteins
in rainbow and redband trout could provide insights into the
role these proteins play in possible thermal tolerance of red-
band trout.

Another important biochemical adaptation is the ability
of the muscles to efficiently contract over a range of tem-
peratures. Coolwater fish such as carp can survive and main-
tain a high activity level over a wide range of temperatures.
Carp express a different set of myosin genes at low versus
high temperatures in order to maintain contractile force of
the muscles over a wide range of temperatures (Goldspink
1995). Multiple copies of myosin genes exist in fish, but it is
unknown if salmonids express alternate cold and warm iso-
forms. Given the tetraploid ancestry of salmonids (Allen-
dorfand Thorgaard 1984), it is possible that redundant forms
of'this or other proteins have evolved different optimum tem-
peratures. Such specialization of duplicated genes is a pos-
sible mechanism for the evolution of a thermal-tolerant
salmonid.

Enzymes have been shown to be adapted to the ambient
temperature of the fish species (Gelman et al. 1992). For
example, Florida largemouth bass have enzymes more adapt-
ed to high temperature than do northern largemouth bass
(Philipp et al. 1983). Gamperl et al. (2002) found some
differences in enzyme activities between redband trout from
two Oregon streams with different temperature profiles, but
because the fish did not experience common environments
it is not possible to conclude if the differences were genetic
in origin or were environmentally induced. An additional
test for adaptation among populations would be to sequence

the DNA coding for enzyme loci and to test for non-synon-
ymous substitutions. If the Ka (non-synonymous)/Ks (syn-
onymous) ratio is greater than 1 (the neutral expectation), it
indicates selection at that locus (Nei and Kumar 2000). Ex-
pression of different forms of enzymes can be another mech-
anism of temperature adaptation in fish (Lin and Somero
1995).

Additional physiological factors that may be important
to the ability to withstand high temperatures include the com-
position of lipids in the cell, the proteins associated with
this process (Hazel 1990; Logue et al. 1995), and overall
levels of membrane fluidity (Hazel 1993). Lipid changes are
involved in the development of temperature tolerance on an
individual level and modulation of these responses could
also be important on an evolutionary scale.

The demonstration of biochemically based adaptations
in redband trout would provide a firm basis for their conser-
vation and provide insights into the evolution of organisms
faced with a changing environment. After performing or-
ganismal, cellular, or biochemical tests, we must determine
whether there are statistically significant differences among
the groups. If differences are found among groups that have
been exposed to common environmental conditions, we can
conclude that these differences are due to the genotypes.

Genetic Analysis of Differences

If a genetically based difference is found among groups
(for example, a difference in temperature response between
redband trout and other rainbow trout strains), the next ques-
tion is, What is the genetic basis for the difference? Classi-
cally, the common view has been that differences in com-
plex traits are likely to be related to many gene differences,
and to be strongly influenced by the environment. Such
“quantitative trait” differences usually have been examined
by controlled mating designs in which individuals are pro-
duced with varying degrees of relatedness. Using these tech-
niques, Meffe et al. (1995) demonstrated that temperature
tolerance is a heritable trait in mosquitofish.

Recent developments in examining the genetic basis of
differences include efforts to associate complex traits with
particular genes or genetic markers. This approach of quan-
titative trait locus (QTL) analysis has become possible be-
cause of the ability to mark chromosomes in plants and ani-
mals using DNA technologies, and the realization that
complex traits frequently are strongly influenced by a limit-
ed number of genes. DNA markers examined may be ran-
dom in nature (Spruell et al. 1994; Olsen et al. 1996; Young
et al. 1998) or may involve “candidate” genes that can be
logically hypothesized to have a relation to the trait of inter-
est (e.g., heat-shock genes for traits related to temperature
response). Such studies currently are more advanced in plants
and in some other animals than in fishes, but they are also
beginning to be applied to fishes.

One approach for genetic analysis that has been quite
successful in both plants and animals has been the use of
inbred or homozygous lines (Burr and Burr 1991; Silver
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TaBLE 1.—Homozygous rainbow trout lines currently being propagated at Washington State University.

Line Sex Characteristics

Arlee Male (YY) Domesticated. Low nonspecific cytotoxic cell activity (Ristow et al. 1995).

Clearwater Male (YY) Semi-wild. Anadromous. Derived from wild steelhead, North Fork Clearwater R., Idaho in
1969 and propagated in freshwater at Dworshak National Fish Hatchery, Idaho before release
and migration to the ocean. Six generations of freshwater captive rearing.

Hot Creek Male (YY) Domesticated.

Oregon State University Female (XX) Domesticated. Only fertile homozygous female line.

Swanson R. Male (YY) Semi-wild. Derived from wild rainbow trout on Kenai Peninsula, Alaska in the early 1980s.
Three generations of full life cycle captive rearing.

Skookumchuck R. Male (YY) Semi-wild. Anadromous. Derived from wild steelhead, Skookumchuck R., Washington and
propagated in a hatchery there before release and migration to the ocean

Klamath Lake Male (YY) Semi-wild. Derived from wild rainbow trout, Williamson R., Oregon (a tributary of Klamath

Lake).

1995). Such lines have the advantage of uniformity in re-
sponse over time and location. Important traits have been
genetically analyzed using inbred or homozygous lines in a
number of crop species (Burr and Burr 1991) and in mice
(Silver 1995). It is possible to rapidly generate homozygous
lines in rainbow trout and other fishes using chromosome
set manipulation methods (Young et al. 1996). We are cur-
rently propagating seven clonal lines of rainbow trout and
plan to use them to genetically analyze traits differing among
the lines (Table 1).

Ultimately, our approach for genetic analysis of differ-
ences among the rainbow trout lines will be modeled on the
approaches using homozygous lines that have already been
used successfully with other systems (Silver 1995). If readi-
ly analyzed differences and sufficient numbers of genetic
markers are available, it is possible to determine if differ-
ences among the lines are caused by a few major genes or
many genes, and whether specific “candidate” genes are in-
volved. The development of a genetic map of DNA markers
for rainbow trout (Young et al. 1998; Sakamoto et al. 2000;
Nichols et al. 2003) facilitates studies to map trait differenc-
es within the species. Differences in development rate among
our rainbow trout clonal lines (Robison et al. 1999) have
been genetically analyzed to demonstrate that some chro-
mosome regions have especially large effects on differences
among the lines (Robison et al. 2001). This leaves the ques-
tion of which gene or genes within those regions are having
these effects. Similar approaches could be used to geneti-
cally characterize temperature responses in redband trout.
Quantitative trait loci associated with thermal tolerance have
recently been identified in some crosses of rainbow trout
(Perry et al. 2001), and these regions also might be tested
for associations in controlled crosses involving redband trout.

The question of whether redband trout indeed have a
genetically based adaptation to high temperature is still un-
resolved. We have outlined some of the possible approach-

es for investigating this important issue. In any case, it is
clear that these are distinctive, native fish that merit protec-
tion in the challenging habitats where they survive.
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